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Abstract 
The surface acid-base characteristics and elemental composition of AKZO Tenax HTA 
carbon fibres with electrochemical treatments in the range of 0 to 200 W min g-' (%) have 
been studied by IGC and XPS. Also, the surface free energy and chemical structure of 0, 
25, and 100% fibres has been investigated by DCAA and ToF-SIMS. The acidity and 
basicity of the surface was found to increase with electrochemical oxidation, and the 
acidity reached a plateau at intermediate treatment levels. The dispersive contribution to 
the surface free energy decreased as the oxidation treatment progressed, initially with a 
linear relationship. The increase in surface acidity was thought to be linked with the 
initial introduction of oxygen containing surface functionalilties. 
ToF-SIMS has been used to follow the adsorption of an epoxy resin molecule, an amine 
curing agent molecule, and an organic macromolecule, on carbon fibres in the oxidation 
range of 0 to 100%. The adsorption mechanisms of all three types of molecules were 
described well by the Langmuir model for adsorption. The initial oxidation treatment 
resulted in an increased affinity of the epoxy molecule for the fibre surface. The amine 
molecule was found to possess an affinity for all types of carbon fibre, which increases 
only slightly with surface oxidation. The quantification routines employed in ToF-SIMS 
have been considered and a methodology for addressing the effect that ionisation 
potential has on the appearance of ions that characterise a particular species is developed. 
However, established routines were found to yield more reliable data for the construction 
of adsorption isotherms. 
ToF-SIMS analysis of pre-cursors to CFRP material reveals significant quantities of 
release agent is present on the surface of pre-preg laminae prior to fabrication and has the 
surprising effect of toughening the composite. Analysis of CFRP fracture surfaces reveals 
that the release agent is incorporated in the cured composite, but analysis in cross-section 
indicates that the release agent does not significantly diffuse through the composite 
laminae. 
Irr-situ preparation of fracture surfaces is developed for ToF-SIMS analysis and results 
indicate that uncured size material is present at the fracture surface. This leads to the 
conclusion that the presence of uneven layers of size on the fibre surface result in the 
formation of a weak boundary layer within the interphase of fibre and matrix in 
commercial CFRP fabricated from pre-preg material. 
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Chapter 1: Introduction 
Chapter 1 
Introduction 
The improvement of the properties of high performance composites such as carbon 
fibre reinforced polymers (CFRP) can be achieved by enhancing the compatibility of 
the reinforcing fibre with the polymer matrix, thus improving the efficiency of the 
load transfer between fibre and matrix. Commercially, this has most commonly been 
realised empirically by modifying the carbon fibre surface by electrochemical 
oxidation. It is widely recognised that this treatment improves the interfacial shear 
strength of the fibre-resin interface, yet the mechanism for this enhancement and the 
optimum treatment level for such an oxidation process remains a source of conjecture 
within the literature. This situation has arisen because the commercial sensitivity of 
the exact process parameters of the oxidation treatment has led to the use of a wide 
range of electrolytes and treatment levels. These treatments that have been applied to 
fibres that have been manufactured under different conditions can have an effect on 
the morphology of the fibre surface as well as the surface chemistry. This results in 
the comparison between unlike fibres possessing differing surface structures, and the 
inevitable conflict between the various theories for the mechanism of adhesion 
between fibre and matrix, and therefore the potential to improve interfacial properties. 
Many attempts to relate the fibre surface structure to the compatibility with the matrix 
have been made, concentrating mostly on how the chemical nature, wettability, and 
morphology is modified during the oxidation procedure. Work described in this thesis 
investigates fibres that had received progressive measures of a commercial 
electrochemical treatment, whose surface properties are characterised in terms acid- 
base properties, surface free energy, elemental composition, and chemical structure. 
This is followed by an in-depth study of the adsorption characteristics on carbon fibres 
of a resin and a curing agent molecule that are routinely used in the matrix material of 
commercial systems. 
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Previous studies have used XPS to investigate the interaction of probe molecules 
containing epoxy or amine groups with the fibre surface. However, the chemical shift 
observed between an ether group (cured epoxy) and the alcohol groups is very small 
and often difficult to distinguish. Brominated resins have also been used because 
bromine has a low detection limit and sensitivity is improved as well as overcoming 
the problem of a lack of chemical shift. ToF-SIMS offers improved sensitivity and the 
ability to identify chemical structure by interpretation of fragmentation patterns 
observed in the mass spectrum. This method of analysis also circumvents the need to 
use modified or probe molecules and allows the interaction of the constituents of 
commercial matrix systems with the carbon fibre surfaces to be studied. 
This study will utilise a novel approach to classify the mode of adsorption of such 
molecules under non-competitive conditions using ToF-SIMS analysis to quantify the 
amount of material adsorbed on the fibre surface. Further experiments were carried 
out under similar conditions using PMMA of two different molecular weights, in 
order to study the interaction and the effect that molecular mass would have on the 
adsorption characteristics of a macromolecule on a fibre surface. 
Quantification routines for the ToF-SIMS analysis of organic systems are analysed 
and developed further in Chapter 6, and for the first time, the effect that ionisation 
potential has on ion intensity is successfully addressed. To date, this has been the 
greatest obstacle in the goal of realising the full potential of this powerful surface 
analysis technique. 
CFRP materials are most commonly supplied in the form of pre-preg, consisting of 
sheets of unidirectional fibres pre-impregnated with uncured matrix material. These 
sheets are subsequently cut into the correct shapes and carefully stacked with the 
fibres in the desired orientation for the required application, prior to composite 
fabrication, which is achieved by accelerating the curing reaction of the matrix by 
temperature elevation with simultaneous consolidation by the application of high 
pressure. In order to protect fibres from breakage and contamination, a surface finish 
termed a "size", is applied to the fibre bundles shortly after manufacture. This finish is 
usually similar in chemical structure to the resin, which is compatible with the matrix 
2 
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by reaction with the fibre surface and the curing agent of the matrix. ToF-SIMS 
analysis of sized fibres and the pre-preg surface was undertaken in order to investigate 
the nature of the surface of these materials. The discovery of a release agent, known to 
be detrimental to adhesion, on the surface of the uncured pre-preg led to an 
investigation of the quantity of release agent on the pre-preg surface and its ultimate 
fate after the curing process. ToF-SIMS of fracture surfaces of composites fabricated 
from pre-preg show that the release agent is retained at the pre-preg inter-laminar 
interface, and the effect of its presence on the fracture toughness of the composite is 
compared to the relevant ToF-SIMS spectra. 
This study has the following objectives: 
1) To investigate the nature of interaction between the fibre surface and constituents 
of the matrix material. This is undertaken by construction of adsorption isotherms 
utilising the technique of ToF-SIMS to quantify the relative amount of material 
adsorbed on the fibre surface. 
2) To interpret fragmentation patterns observed in secondary ion mass spectra 
obtained from CFRPs and relate them to the chemical structure of the surface exposed 
from fracture surfaces. In order to do this, the major components of the CFRP system 
will be analysed by ToF-SIMS, and compared to spectra acquired from CFRPs. This 
will include the SIMS analysis of carbon fibres, sized carbon fibres, and fracture 
surfaces of CFRPs. 
3) To develop and improve techniques of sample preparation for ToF-SIMS analysis 
of composite fracture surfaces. This includes the preparation of composite materials 
fractured in-vacuo. The methodology developed uses impact fracture and results in the 
creation of surfaces that are not necessarily located at the inter-laminar interface. 
3 
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The Chemistry of Carbon Fibres and Properties 
of CFRP Constituents 
2.1 Types of Carbon Fibre 
Carbon fibres were originally synthesised from natural celluloses such as bamboo and 
cotton, by carbonising strands of the material to produce very brittle fibres which were 
used as filaments in early forms of the electric lamp. Since then more advanced fibres 
have been manufactured and are used to reinforce resins in the production of 
composites utilised for specialised applications ranging from sports equipment to 
materials used in the aerospace industry. There are a number of distinct types of carbon 
fibre that have been produced to date; starting materials range from pitch, wool, and 
polyimide'. The most commonly manufactured fibres are made from polyacrylonitrile 
(PAN)2, and all fibres used in this study, including those incorporated in composites 
were synthesised from this material. 
2.2 Synthesis of Carbon Fibre from PAN 
The acrylonitrile monomer is polymerised from an aqueous solution of NaSCN, to 
produce PAN fibres which are then oxidised by heating the fibres in air to 250°C. 
Oxidation of the fibres results in ordered cross-linking of the organic molecular chains, 
and the emission of HCN. This is followed by further heat treatments (up to a 
temperature of 2500°C) in which the fibres become graphitised under an inert 
atmosphere, with the yarn held under tension throughout the process to preserve the 
molecular orientation of the PAN fibres. 
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This procedure leads to the formation of high stiffness fibres of moderate strength 
whose modulus can be controlled by the conditions of manufacture. The fibres have a 
diameter of approximately 6 µm, which is found to increase with the length of time the 
PAN fibres are subjected to oxidation. The method of heat treatment has a strong 
bearing on the physical properties of the fibres because an increase in temperature 
results in a more ordered crystalline structure of the graphitic planes'. 
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Figure 2.1. Schematic diagram of the thermal decomposition of PAN. 
After oxidation, a carbonisation stage converts the fibres to carbon which involves 
carefully heating them to temperatures of up to 1500°C and above in an inert 
atmosphere such as nitrogen or argon, in which the fibres experience up to 50% weight 
loss by emission of gaseous and tarry matter. During this step, the fibres shrink in 
diameter and length as they emit volatiles, an action which leaves the surface rather 
porous. This is followed by a high temperature graphitisation stage, which has a 
marked influence on the final structure and morphology of the fibres. 
Fibres are classified in accordance with the temperatures that they were exposed during 
the final high temperature graphitisation stage, which gives an indication of the effect 
that this stage has on their final structure. Fibres that are subjected to temperatures of 
2000°C and above have a high modulus and are sometimes designated Type I or IHM 
(high-modulus) fibres; those produced in the region 1000-1600°C have a higher 
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strength but lower stiffness and are labelled Type II or HT (high-strength) fibres, 
whereas those that are manufactured at temperature below 1100°C are referred to as 
Type III (high-strain) and possess lower strength and modulus but have the benefit of 
being cheaper to produce. Carbon fibres synthesised from PAN possess a maximum 
tensile strength when manufactured at a temperature of 1500°C, and their modulus 
increases with temperature. 
2.3 Structure of Carbon Fibres 
It has previously been concluded that a carbon fibre consists of needle-shaped4-7 
crystallites or fibrils composed of graphite sheets which lie parallel to the fibre axis in 
a ribbon like conformation'. The fibrils are approximately 6 nm in width and several 
hundred nanometres long, with voids between the ribbons, typically 20-30 nm in 
length and 1-2 nm wide due to the imperfect packing of the fibrils9. The alignment of 
the fibrils has a strong influence on the Young's modulus of the fibre, and these do 
not deviate more than 10° from its longitudinal axis for high-modulus fibres, although 
otherwise they are oriented randomly. It is thought the fibrils are bound together by a 
secondary carbon phase, and although its nature is not well understood, it is believed 
to comprise of a fine non-crystalline carbon'. A popular model, shown in Figure 2.2, 
for high-modulus (HM) fibres was presented by Bennett and Johnson'° who suggested 
that the orientation of fibrils varied from the core to the skin of the fibre, with those of 
the core oriented radially, and the outer layers enshrouding the core. 
Figure 2.2. Schematic diagram of a Type 1 (HM) carbon fibre, proposed by Bennett and Johnson1°. 
6 
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High strength fibres, produced at temperatures of 1500°C are reported" to have 
ribbons that are on average 13 graphite layers thick and 4 nm wide, that twist and 
undulate along the fibre axis. The size of these ribbons increase with the graphitisation 
temperature, and high modulus fibres graphitised at 2600°C are comprised of ribbons 
that are 20 layers thick and 7 nm wide. Schematic representations of the two fibres 
reported are shown in Figure 2.3, illustrating the difference in fibril dimension of HS 
and HM fibres. 
The larger ribbons of the HM fibres have greater alignment along the length of the 
fibre, resulting in the surface of the fibre consisting of mostly basal planes, and 
because of this greater basal plane alignment parallel to the surface of the fibre, the 
fibre shear strength is thought to be limited by the interbasal layer bonding. The less 
ordered structure of the HS or Type A fibres will result in a surface that consists of a 
greater number of edges and corners of the crystallites, known to be more chemically 
reactive than carbon atoms lying in a basal plane arrangement. 
ý500 
Figure 2.3a. Schematic diagram of crystallite ribbons in a HS carbon fibre". 
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4 
Figure 2.3b. Schematic diagram of crystallite ribbons in a HM carbon fibre". 
The varying structures of fibre alignment thought to be present at the fibre surface are 
illustrated in Figure 2.4. This model, proposed by Guigon and Kinklin'2, shows that, 
for configuration 1, the surface presented to the matrix for adhesion is the basal plane, 
and bearing in mind that the ability for graphite sheets to slip across one another leads 
to its use as a lubricant, it can be assumed that this is a poor surface for adhesion. A 
modification of the surface should therefore result in improved interaction between 
matrix and fibre. The region where configuration 2 describes the fibre surface exhibits 
the edges of the carbon layers, which are capable of forming strong chemical bonds 
with the matrix material, and can also adsorb oxygen which can interact favourably 
with the resin. Configuration 3 is described as a mixture of the other two phases, 
forming a region with intermediate properties of the previously described domains. 
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Figure 2.4. Schematic diagram of platelet orientations at the fibre surface12. 
The graphitisation process occurs more extensively once the temperature of the 
graphitisation step reaches 1700°C. Fibres manufactured below this temperature 
possess a so-called turbostratic structure, a term used to describe the open structure 
present on the surface of active-carbons, where there is a high level of structural 
imperfections, leading to a large number of reactive edge carbons present within the 
material. High strength fibres have longitudinal striations on the surface that are 
clearly visible by SEM 13-16 , whereas 
high modulus fibres have a more smooth and 
cylindrical surface when the fibres are produced at temperatures of 1700°C and above. 
This leaves the surface of high strength fibres less porous and with more graphitic 
character than intermediate and high modulus fibres. 
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Figure 2.5. (a) Layered structure of graphite, and (b) open, turbostratic structure of activated carbon". 
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2.4 The Surface Chemistry of Carbon Fibres 
The chemical environment of the carbon surface is of great importance to the strength 
of interaction between reinforcing fibre and matrix material, which determines the 
interfacial shear strength (ISS) and has a bearing on the ultimate load bearing capacity 
of the composite. Theoretically this is optimised by producing an interface with the 
highest concentration of specific bonds per unit area between the fibre surface and 
matrix, because covalent bonds are the strongest and most rigid type of chemical 
interaction; a fibre with the greatest surface area possible will provide the best adhesion 
of a cylindrical fibre buried within the matrix material. The principal method of 
achieving such specific interactions is by introducing functional groups onto the fibre 
surface which may react chemically with the functional group of the resin molecule. 
Before considering the chemical interactions of the fibre surface with the matrix 
constituents, efficient wetting of the fibre must be ensured, otherwise voids between 
the fibre and matrix will be present in the composite. This is achieved successfully by 
oxidation of the fibre which has the effect of increasing the wettability of the fibre 
surface, by increasing the surface free energy of the fibre due to introduction of polar 
groups onto the fibre surface. In commercial formulations the fibres are "sized", a 
proprietary procedure which involves coating the fibre, usually with an epoxy resin, 
which is compatible with the matrix material and will also part-cure with the hardener 
in the resin formulation during the curing process. The advantage of this method of 
production is that the size forms a protective barrier between the fibre and its 
environment, preventing both mechanical damage and probably more importantly the 
adsorption of contaminants which will have the effect of lowering the surface energy of 
the fibre and therefore of weakening fibre-matrix interaction. Such molecules include 
hydrocarbons, atmospheric moisture and plasticisers, all of which will have a 
detrimental effect on the quality of adhesive bond. 
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2.5 Oxidation of Carbon Fibres 
There are two major reasons for the improvement in composite performance which 
occur as a result of fibre oxidation. One is improved wettability of the fibre surface and 
potential for bonding, the other is the removal of an outer skin which is formed during 
the heat treatment". This outer skin is thought to consist of graphite planes loosely 
wrapped around the fibre core which forms a weak boundary layer that is incapable of 
transferring stress from the outer skin to the inner core of the fibre. This results in a 
composite that fractures prematurely within the fibre surface. Evidence for this mode 
of failure is observed in the form of phthalate ions in the positive ToF-SIMS 
(Section 3.2) spectrum of double cantilever beam (DCB) (see Appendix 1) samples 
fabricated with untreated (unoxidised) fibres. This type of species is known to be 
present in the subsurface of carbon fibres18 as a result of contamination from storage 
procedures. This is in contrast to the spectrum obtained with a composite made with 
fibres that have been oxidised before the composite is manufactured, which generally 
show no presence of phthalate ions. 
After graphitisation carbon fibres are subjected to an oxidation procedure to improve 
their compatibility with the matrix. This has been achieved by a variety of methods 
which are: - 
1) Electrolytic Oxidation 
2) Gaseous Oxidation 
3) Chemical Oxidation 
4) Plasma Treatment 
2.5.1 Electrochemical Oxidation of Carbon Fibres 
Electrochemical oxidation is the most common method of oxidising fibres, because 
continuous production in an aqueous medium is possible. Electrolytes such as 
permanganate, sodium hydroxide19'zo sodium nitrate'9, or nitric19'2' 22 , sulphuric , and 
phosphoric acid 2' can be used, but ammonium sulphate or ammonium bicarbonate 23'24 
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are preferred as no residue is left on the surface. In such a procedure the fibres are 
passed through the electrolytic solution acting as the anode in the cell, with submersed 
carbon electrodes as the cathode. The result of this oxidation is thought to introduce 
nitrogen into the surface of the fibre, although this has recently been a matter of 
conjecture in the literature, and its effect on improving adhesion to the matrix is 
unproven25'26. Jones26 suggested that the concentration of surface functional groups 
capable of forming physical bonds to the resin was too low to effect a significant 
improvement in fibre/resin bond strength, and Alexander and Jones27 stated that the 
nitrogen present in the surface of an untreated fibre was capable of forming a chemical 
bond with components present in the matrix, whereas those groups exposed/introduced 
containing nitrogen after treatment did not. 
Hot Air Drier 
Figure 2.6. Schematic diagram illustrating the electrolytic surface treatment proposed by Paul28 
Electrochemical oxidation generally involves a similar procedure to the one outlined in 
Figure 2.6, with the fibres in contact with the anode and therefore undergoing anodic 
oxidation. The fibre tow is often run through one or more washing baths in order to 
remove inorganic contaminants that can remain on the fibre surface after passage 
through the electrolyte. 
Sherwood and co-workers have published a series of papers19-21,24 which investigate 
the effect that the electrolyte, pH and electropotential have on the resultant chemical 
state of the fibre surface. They found that electrolytic oxidation of high strength fibres 
in nitric acid resulted in a substantial increase in surface oxygen concentration, present 
12 
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mostly in the form of carbonyl-type oxides, although the concentration and chemical 
state of oxygen was dependent on the electrolyte concentration, electrochemical 
potential, and the reaction time. SEM photomicrographs revealed regular pitting in the 
fibre surface at high treatment levels and XPS indicated that, surprisingly, no nitrogen 
was introduced by the nitric acid treatment21. In a later study'9 it was concluded that 
oxidation in acidic environments results in the evolution of CO2 from the fibre surface 
(acting as the anode in the cell), but in alkali 02 is emitted from the fibre and 
carbonaceous particles are observed in the electrolyte. This was explained by 
suggesting that the hydroxide solution is unable to oxidise the graphite surface but is 
capable of attacking the exposed edge planes, thus creating etch pits observed by SEM 
which are not present on fibres oxidised in HNO3 at these treatment levels. Evolution 
of CO2 at the fibre surface was also found during oxidation in the basic electrolyte, 
ammonium carbonate, and attributed to the decomposition of HCO3- at the anode. 
This was supported by evidence of 02 evolution, and the following half-reaction was 
proposed. 
4HCO3- ' 4CO2 + 2H20+02+ 4e 
Oxidation of the fibres was thought to occur by adsorption of oxygen from the reaction 
above. However, oxidation was found to be less efficient in the presence of the basic 
ammonium bicarbonate electrolyte, and a similar oxidation level to nitric acid was 
found when ammonium sulphate and ammonium nitrate were used. Small amounts of 
nitrogen were introduced to the fibre surface when these salts of ammonium were used 
as the electrolyte in bicarbonate solution. 
Oxidation of AMOCO T40R fibres in NaOH solution was found to lead to a significant 
amount of weakly bound carbonate ions that could be removed by repeated washing20. 
The fibres were analysed by XPS, which revealed that no nitrogen was present on the 
fibre surface, despite them having been subject to a proprietary oxidation procedure 
equivalent to one standard treatment prior to exposure to the subsequent NaOH 
treatment. The XPS analysis also indicated a presence of sodium that appeared to be 
associated with the weakly bound carbonate on the fibre surface. The oxidation in 
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basic electrolyte resulted in an inking of the electrolyte solution that was attributed 
conjugated polyenes being present due to decomposition of the fibre. 
PYROFIL® XTR40 carbon fibres, were electrochemically oxidised in ammonium 
bicarbonate (basic) and phosphoric acid (acid) environments with some interesting 
results by Nakao et a123. Cyclic voltammograms showed a redox peak at 0.4 V for 
moderately and strongly oxidised fibres in phosphoric acid, but one was not present for 
those oxidised in the basic electrolyte. This feature was attributed to the presence of 
quinone-hydroquinone groups present at the appropriate potential. Carbonaceous 
particles were also observed in the basic electrolyte that were quoted as being 
"aromatic compounds having many oxygen functional groups". Blackening of the 
phosphoric acid did not occur. SEM micrographs revealed severe etching and pitting 
of the fibre exposed to strong electrolytic treatment in acid, and striatic structure for 
the equivalent procedure in ammonium bicarbonate. A significant increase in surface 
area by BET using krypton gas was not observed in either case. In agreement with 
Sherwood et al, oxidation in an acidic environment was found to introduce a greater 
amount of oxygen into the surface than the equivalent treatment in a basic electrolyte. 
The decrease in interlaminar shear strength (ILSS) often observed for what is termed 
an overtreatment, was attributed to the formation of a weak boundary layer occurring 
due to damage of the surface of the fibres. The mechanism thought to be responsible 
for this was an oxidation and digestion routine leading to the creation of fissures in the 
surface. 
2.5.2 Gaseous Oxidation of Carbon Fibres 
Gaseous oxidation is achieved by heating in an oxidising medium such as air or ozone, 
and this leads to a weakening of the fibres as defects are introduced into the surface by 
burning the outer layers. This is not employed in industrial applications due to the high 
costs of batch production and inferior surface oxidation compared to electrochemical 
techniques. Brewis et a129 oxidised high strength fibres by heating in air to a 
temperature of 400°C for a period of 1 hour. This resulted in a fourfold increase in the 
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O1s signal as detected by XPS, and the presence of at least two oxygen species, a 
phenomenon rarely observed after treatment by electrochemical processes. This peak 
modification is accompanied by the familiar increase in the high binding energy side of 
the C1s envelope. However, when these fibres were incorporated into a CFRP (Resin: 
90% DGEBA, 10% DGEBA copolymerised with isoprene. Curing agent : Di-(1-amino 
propyl-3-ethoxy)ether) an insignificant increase in apparent horizontal shear strength 
was observed, and a decrease in flexural strength compared to the as received (lightly 
sized but with no surface treatment) fibres was attained. 
2.5.3 Chemical Oxidation of Carbon Fibres 
Chemical oxidation is often utilised for small scale treatment but rarely employed by 
commercial manufacturers. The fibres are refluxed in a strongly oxidising reagent such 
as acidified permanganate3° or an oxidising acid. In a comparison to the effect of air 
oxidation referred to in Section 2.5.2 high strength fibres have been oxidised29 in nitric 
acid by reflux for 3 hours, sodium hypochlorite at 45°C for 24 hours, and chromic acid 
by reflux for 15 min. XPS spectra of the oxidised fibres revealed that both 01s and C 
1s peaks in the XPS spectrum were similar to the those observed for the fibres oxidised 
in air. Oxidation of the fibres by chromic acid and sodium hypochlorite brought about 
significant increases in apparent horizontal shear strength when the fibres were 
incorporated into a CFRP, and all treatments had little or no effect on the flexural 
strength of the composite. Courtaulds AS fibres have been oxidised in a mixture of 1: 2 
conc. nitric and sulphuric acid' 1'32 for 15 min. resulting in the oxygen content of the 
surface increasing by a factor of two as detected by XPS. 
Oxidation by boiling in 68% nitric acid was also found to have a profoundly different 
effect on high strength fibres than high modulus fibres by Fitzer et a133. Volumetric 
analysis by NaOH titration, summarising the carboxylic, carbonyl, and phenolic groups 
revealed that the concentration of these oxygen containing groups is a factor of ten 
greater on high strength fibres than on the more highly graphitised high modulus type 
following chemical oxidation. In fact, the Sigrafil HM fibres were not greatly affected 
by the oxidation treatment of up to 48 h duration. BET-surface area measurements 
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show that Sigrafil HF fibres are subject to an increase in surface area of 40 times larger 
than that of untreated fibres after 18 h exposure to nitric acid. This increase in surface 
area was partly attributed to the incorporation of nitrate ions between the graphite 
layers, a process that the HM fibres were not nearly so prone. The cross sectional area 
of the HF (high strength) fibres was found to decrease with an improved washing 
procedure. Furthermore, measurement of contact angles between both resin and curing 
agent molecules with the fibre surface, together with Kjehldahl analysis indicated that it 
is the curing agent that acts as the coupling agent at the fibre surface and that 
stoichiometric chemical bonding occurs between the carboxylic acid groups of the fibre 
surface and the diamine curing agent (Epikure 113). 
2.5.4 Oxidation of Carbon Fibres by Plasma Treatment 
The use of plasma treatment has more recently been developed in an attempt to control 
the oxidation level introduced to the surface of carbon fibres. Jones26 reported that the 
use of a low level air plasma of <1 W for 30 s resulted in the introduction of two types 
of oxygen containing functional groups that are similar to those found in both high 
strength and high modulus fibres oxidised electrochemically in aqueous solution. The 
plasma treatment appeared to affect only the outermost layer of the fibre, shown by 
grazing angle XPS. Nitrogen and ammonia plasmas were also utilised and found to 
introduce similar chemical moieties onto the outer layers of the fibre. The depth of the 
N-containing functional groups was found to reach a plateau after a short time by XPS 
analysis and etching was not observed by SEM. The XPS data indicated that the 
nitrogen was present as amine, imine, and aniline functional groups, and significant 
oxygen uptake was observed after the plasma treatment under ambient conditions in 
the XPS spectra, although the chemical state of the nitrogen functionalities remained 
unaffected. This suggested that the oxygen that was adsorbed onto the fibre was in the 
form of physically bound species. The introduction of amine groups to the fibre surface 
should improve the interaction of the fibre, and therefore the capability of stress 
transfer, with the matrix material, thus improving the interfacial shear strength 
significantly. The effect of uptake of undesirable atmospheric contaminants could be 
overcome by immediately applying size to the treated tow. 
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Jones and co-workers34 also developed a plasma cell with continuous treatment 
capabilities, where the fibres are in contact with the low power air plasma for a 
duration of 30 s. Courtaulds XAU and XAS Type II fibres were oxidised, and single 
fibre fragmentation tests indicated that the treatment is not detrimental to the 
mechanical properties of the fibres, which can occur for fibres that are oxidised by 
electrochemical methods. It was also claimed that the chemical groups that were 
introduced as a result of the commercial electrochemical treatment did not improve the 
fibre-resin adhesion mechanism significantly, in contrast to those introduced by plasma 
treatment. 
HTA-3000 fibres were subjected to an 02 plasma treatment followed by an 
acrylonitrile plasma polymerisation step by Lefebvre et al35. This resulted in a polymer 
overlayer that yielded a negative SIMS spectrum closely resembling that of PAN. XPS 
spectra revealed that the oxygen content of the fibre surface was greatly reduced and 
that nitrogen comprised approximately 20% of the surface due to suppression of the 
oxygen signal by the polymer overlayer. 
2.6 Derivatisation of the Fibre Surface 
In addition to the removal of weakly bound material, the oxidation procedure is 
designed to introduce oxygen functionalities into the surface of the fibre, as this 
increases the polarity of the surface and increases compatibility with the matrix. Edge 
planes are exposed when the graphite shroud is removed and this leads to the 
possibility of introducing oxygen into the surface, which is readily confirmed by X-ray 
photoelectron spectroscopy (XPS). XPS has been the most commonly used method of 
investigating the chemical state of the surface of carbon fibres, because a routine 
analysis can yield valuable information such as the relative amounts of carbon, oxygen, 
and nitrogen in the fibre surface and sub-surface region27. Although a careful peak 
fitting of the C1s spectrum can provide some useful information on the state of the 
oxidised species in the surface and in particular an idea of the relative concentration of 
the type of oxygen functionality, the spectra remain ambiguous and rather difficult to 
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interpret useful data with any degree of certainty. A number of impressive approaches 
to categorising a fibre surface by XPS have used probe molecules to derivatise the 
functionalities present in the fibre36. The method of derivatisation provides a way of 
distinguishing between chemical groups on the fibre surface by means of specific 
chemical reaction and simultaneously allows an increase in sensitivity of the XPS 
technique achieved by selecting ions or molecules containing atoms that have a high 
cross section to electron interaction. This was undertaken by Denison et a! 
37, 
Cazeneuve et a138 , and 
Baillie et a139. The former labelled the acidic sites present on 
the surface by exposing the fibre to an aqueous barium chloride solution in the 
presence of Ba(OH)2, postulating that barium ions could be adsorbed at carboxylic acid 
sites or possibly adjacent acid/alcohol sites, and monitored the variation in Ba 
2+ signal. 
c\ 
OH--.. 
_ 
C 
/Z 
OH 
+ Ba(OH)2 
0 
c-o--Ba 
/o 
0 
Figure 2.7. Reaction of acid sites on a carbon fibre surface with barium hydroxide37 
+ 2H1o 
The adsorption of monovalent Ag+(aq) ions was investigated and measured in a similar 
fashion38'39. It was found4° that adsorption of Ag+ increased up to a treatment of 25%, 
after which a plateau was reached; it was inferred that the level of acidity had a direct 
influence on the interfacial shear strength, because a plateau was also observed at a 
treatment level of 25%. The increase in signal due to fluorine was measured following 
derivatisation with trifluoroacetic anhydride (TFAA) and trifluoroethanol (TFE) by 
Alexander". It was assumed that TFAA reacted exclusively with alcohol groups on the 
surface, and that TFE solely with carboxylic acid groups. The postulated reaction 
schemes are shown below in Figures 2.8 and 2.9. 
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Figure 2.8. Reaction of a phenol group with TFAA at the surface of a fibre42 
CF3CH2OH 
O 
/O +C 
C+N OC HZC F3 
ROH 
+ 
(CH3)3CN=C=NC(CH3)3 
/NHC(CH3)3 
o= C 
N HC (C H3)3 
Figure 2.9. Reaction of an acid group with TFE and di-`butyl-carbodiirnide in the presence of a 
pyridine catalyst, forming an ester and N, N-di-`butylurea. The di-`butyl-carbodiimide reacts with the 
acid group, followed by nucleophilic attack of the carboxylic carbon atom by the oxygen atom of the 42 TFE molecule. This reaction has previously been used on polyacrylic acid (PAA) by Chilkoti et a1. 
It was found that after an initial increase, the fluorine signal levelled out between 25 
and 50 Cm-2 DFT of fibres that were exposed to TFAA. No significant increase in 
fluorine signal was attained after exposure to TFE using the reaction scheme above. 
Mahy et a143 exposed Tenax carbon fibres to TFAA and found that treated fibres 
adsorbed a significantly greater amount than untreated fibres. Using a combination of 
XPS, imaging SSIMS and EDX the authors concluded that a considerable amount of 
oxygen containing groups on the treated fibre were not alcohol groups and do not 
react with TFAA, and by imaging SIMS, that the oxygen containing groups are 
distributed heterogeneously along the fibre axis, presumed to be the pores observed by 
SEM. 
Denison et a! 44 used the barium labelling technique shown above to indicate the 
presence of carboxylic acid sites, and the uptake of water to quantify possible 
chernisorption sites on HM (Type I) fibres that had been exposed to a varying degree 
of fibre treatment (DFT). In a later paper's they followed the change in chlorine signal 
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that occurred with DFT when the fibres were refluxed in CHC13. The CHC13 was not 
expected to react chemically with moieties on the surface, but to be retained in 
micropores of the correct dimensions. This was therefore used to probe the porosity of 
the fibres which was expected to change with electrochemical oxidation. They 
envisaged a 10 nm2 area, that, for a planar graphite surface would contain 4000 carbon 
atoms shown in Figure 2.10. For an analysis depth of 3.5 nm, the authors obtained the 
results shown in Table 2.1. 
Treatment 
level (DFT)/% 
0 
Atoms 
COOH 
Groups 
Chemisorptive 
sites 
CHCI3 
Molecules 
Vol. CHC13 
/ 10-5 cm3 -1 
0 2000 310 900 140 11 
23 3400 340 1300 160 13 
43 3500 470 1300 93 7.2 
49 4400 570 1500 100 8.2 
73 5600 540 1700 36 2.9 
100 3 900 540 2000 38 3.0 
.., rrc ý -r -'- -' = '-" '- - -- '- - -- r'- -- - --r- - 
45 
1 uulr G. 1. l: L1 L UI clcl. uu iiclullýal ll caliiiclli vu ulc l. alwll ilulc Jui lal. c 
It can be seen that chemisorptive sites increase steadily with oxidation, carboxylic acid 
groups reach a maximum at a treatment of nearly 50%, and the retention of CHC13 
molecules decreases with DFT. It was concluded that micropores in the fibre surface 
are widened by the oxidation treatment. This would have the effect of increasing 
surface area, and therefore the number of adsorption sites, and of decreasing the 
retention of molecules that are not chemically bound to the surface. 
Fibre Axi 
3.5 nm 
10 11111 
l 
10 nm 
Figure 2.10. Schematic diagram of the surface containing intercrvstallite voids, or pores, opened on 
46 electrochemical oxidation. 
20 
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Weitzacker et a147 have recently used XPS to investigate the interaction of model 
compounds with PAN-based fibres using analogue compounds of materials used in 
thermosetting and thermoplastic resins. The analogues for thermosetting resins were 
designed to mimic epoxy and vinyl ester matrices, and those for thermoplastic resins of 
polyphenylene sulphide and polyimide matrices. They dissolved the compounds in 
appropriate solvents, and heated the immersed fibres to production temperatures. It 
was observed that the model compounds of the thermoplastic matrices interacted very 
poorly with the oxidised fibre surface, in contrast to epoxy and vinyl ester analogues. 
2.7 Morphology of Carbon Fibres 
The morphology of carbon fibres will have a profound effect on the adhesion to the 
matrix material because the degree of roughness of the surface obviously has a direct 
bearing on the overall surface area of the fibre. The greater the surface area the greater 
the number of surface sites available for chemical interaction with the resin. This 
should therefore result in an increased ability to transfer load from matrix to 
reinforcing fibre, and theoretically an increase in interfacial shear strength will be 
observed. In addition to this mechanism, a greater degree of mechanical interlocking at 
the interface should also contribute to a resistance to shear, although the relative 
effectiveness of this is unclear. However, Herrick3° measured the increase in surface 
area that accompanied oxidation of HM fibres by chemical reaction in nitric acid, and 
concluded that the increase in surface area had no bearing on the interfacial shear 
strength (ISS). The most informative experiments investigating the topography of 
carbon fibres have made use of scanning probe microscopies (SPM). Scanning 
tunnelling microscopy (STM) of pitch based fibres by Hoffman et a148 illustrated 
atomic resolution of the fibre surface as well as the formation of etch pits resulting 
from a range of oxidation procedures. Zhdan et a! 
49 followed the electrochemical 
oxidation of AKZO Tenax high-strength HTA fibres in aq. NaHC03 solution in-situ by 
using scanning force microscopy. It was shown that the treatment etched away at the 
fibre surface, increasing the surface area of the fibre and also exposing the edges of the 
graphite planes that lie beneath the surface of an otherwise untreated fibre. This is an 
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important observation regarding the reactivity of the fibre surface, because the most 
chemically active sites of a graphite sheet will be located along the edges 
The production process also affects the "nano structure" of the fibre, according to 
Donnet et a150, who analysed Courtaulds high strength T-300 and XAU fibres. Their 
results indicated that the PAN spinning process left a memory effect on the 
nanostructure of the fibres, but their atomic structure appeared very similar by STM. It 
was proposed that high strength fibres still possess a great deal of imperfections and 
heterogeneity on the surface, and therefore have a turbostratic structure, whereas high 
modulus (Courtaulds 40M)5' fibres are more fully graphitised, and have a more regular 
array of graphene planes. This observation was attributed to structural changes 
occurring during the graphitisation step of production, where high modulus fibres are 
subjected to higher temperatures. The imperfect turbostratic structure is thought to 
disappear above 1700°C, when a structure more closely resembling highly ordered 
pyrolysed graphite (HOPG) begins to form52. This idea is supported by a range of 
experimental observations, including the relative resistance to oxidation by 
concentrated acids mentioned earlier. 
2.8 Chemical Reactions at the Fibre Surface 
The interfacial shear strength (ISS) of a CFRP composite is influenced strongly by the 
chemical interactions occurring at the fibre-matrix interface. It is therefore important to 
gain insight into the chemical reactions possible between functional groups on the fibre 
surface and those of the constituents of the matrix. It is thought that the surface 
chemistry and morphology varies significantly between HM and HT fibres. HM fibres 
receive higher production temperatures than HT fibres, resulting in a more ordered 
crystalline structure; this leads to a surface that has fewer edge planes exposed to the 
environment and is more resistant to chemical attack. Severe pitting is observed by 
SEM on the surface of HT fibres when they are boiled in concentrated nitric acid. No 
such changes are observed when HM fibres receive the same treatment. This pitting 
can either improve the bonding between the fibre and matrix, because the pit edges 
provide sites where oxidation can occur, and also improved mechanical interlocking is 
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possible, or it can damage the fibre surface and weaken the composites load bearing 
capacity. Generally, such damage to the reinforcing fibre should be avoided because it 
should be possible to improve fibre-matrix interaction without severely damaging the 
fibre. Kozlowski and Sherwood21 oxidised HM and HT fibres in a variety of 
electrolytes and exposed the treated fibre surface to a solution of Epikote 828 in 
toluene. They arrived at the following important conclusions: 
i) Carboxylic/ester sites are produced at edge sites in the fibre surface whereas keto- 
enol groups are produced on the basal planes. 
ii) Fibres oxidised in an acidic electrolyte possess functional groups that react 
chemically with the epoxy groups. 
The discrepancies in structure observed between HM and HT fibres indicate that HT 
fibres have a greater number of edge sites at the surface of the fibre, and are therefore 
more chemically reactive than HM fibres after oxidation. However, it has been found 
experimentally" that oxidation of HT fibres can result in extensive fibre damage, and 
that the ILSS reaches a maximum when the composite fails by a brittle fracture 
mechanism as opposed to shear failure. HM fibres were found to have similar ILSS 
values to HT fibres, although a more vigorous oxidation procedure was required to 
instigate an improvement in the ILSS. 
The interaction of a range of epoxy molecules with Courtaulds AS fibres oxidised by 
reflux in a mixture of H2SO4 and HNO3 was investigated by Waltersson32. a- 
Epichlorohydrin and a-epibromohydrin were boiled under reflux for 20 h at 116°C and 
135°C respectively. The interaction of bisepoxypropylaniline and tetraglycidyl-4,4'- 
diaminodiphenylmethane (TGDDM) were studied under similar conditions at 
temperatures of approximately 150°C. The C1s envelope of the XPS spectra recorded 
from all the fibres exposed to the epoxide molecules indicated that an overlayer had 
been formed, by the presence of a shoulder on the high binding energy side with 
respect to the fibres that had undergone the oxidation treatment alone. The depths of 
the overlayers formed were estimated by calculating the ratio of both the C1s and 
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O1s signal intensities with the signal from atoms that characterise the molecules 
forming the overlayer, e. g. Cl 2p for epichlorohydrin, Br 3d for epibromohydrin, and N 
1s for the other molecules studied. The depth of the overlayers formed were then 
compared to the molecular dimensions to give an estimation of the fractional surface 
coverage. The estimated monolayer depth for both a-epichlorohydrin and a- 
epibromohydrin was 0.40 nm, and for both nitrogen containing epoxides it was found 
to be 0.46 nm. The values obtained indicated that 67% of the fibre surface was covered 
by an overlayer by reaction with an epoxide. The reactions proposed to be occurring at 
the fibre surface are shown in Figure 2.11. 
OH 
/O\ IN- 1 Fi- OH + CH2 CH- CH2 R Fi-O- CH2 CH- CH2 R 
O0i 
OH 
+/\ 
Fi-C-OH CHI-- CH- CHI ---R N. 
11 
Fi- C-O- CHF CH- CHrR 
Figure 2.11. Proposed reactions occurring between epoxide and functional groups at the fibre 
surface32. Fi = Fibre. 
The same class of fibre that had received an identical treatment were exposed to a 
series of primary amine molecules53 in order to gauge the interaction of common 
curing agents with the surface of oxidised fibres. The curing agents used were 4,4'- 
diaminodiphenylsulphone (DDS), 4,4'-diaminodiphenylmethane (DDM), and 1,4- 
phenylenediamine (PDA), which were all dissolved in methanol and treated at a 
temperature of 65°C. In addition to these molecules, aniline and n-butylamine were 
exposed to the fibres at their boiling points of 184°C and 78°C, respectively. The 
thickest estimated monolayer thickness in this instance were formed by aniline, PDA 
and DDM, and corresponded to 0.5-0.9 nm. The source of error originates from 
uncertainties in the orientation of the molecules at the fibre surface. The reactions 
proposed between amine groups and functional groups of the fibre are shown below in 
Figure 2.12. 
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Fi- OH + H2N--R 
O I) 
+ HN-R Fi-C-OH 2 
g Fi-NH-R + H2O 
0 11 
Fi- C- NH- R+ H2O 
Figure 2.12. Proposed reactions between a primary amine and functional groups of an oxidised 
carbon fibre53. Fi = fibre. Note that these are condensation reactions and water is evolved at the fibre 
surface. 
2.9 Size and Fibre Interactions 
CFRP composites are comprised of a number of chemically different materials that 
interact together both prior to and during the curing process that is necessary to 
manufacture a high performance composite. In the previous sections of this chapter, 
the interaction between the fibre surface and polymer molecules relevant to the 
composition of the composite have been considered. It is also important to investigate 
the method of manufacture and the implications that chemical and physical interactions 
of the individual components of the separate phases will play in the final structure and 
performance of the composite. 
Fibres used in composites are coated with a "size" or surface finish, in order to protect 
the fibre surface and improve the wettability of the fibre with the matrix. Another 
reason for the application of this finish is to prevent preferential adsorption of the 
curing agent on the fibre surface, resulting in a region of matrix material that is 
depleted in curing agent close to the fibre surface. It is generally believed that amine 
curing agents segregate to the fibre surface during the curing process. The size is often 
a prepolymer, generally very similar to the resin used in the matrix, the most common 
types being either epoxy resin or polyvinyl alcohol (PVA), and is devoid of any or 
lacks the stoichiometric amount of curing agent54. Drzal et a113 investigated the effect 
that fibre finish had on the mode of fracture, and concluded that the application of a 
size led to the formation of a brittle interphase. They found that the ILSS was 
improved, and that the mode of failure was no longer in the interface but in the matrix. 
lt is not surprising that this change in the mode of failure occurs, if the thickness of this 
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size is in the region of 100 - 200 nm as stated by Drzal et al. This would mean that if 
the size remained as an unaltered shroud around the fibre it would occupy 4% of the 
cross-sectional area of the composite cut through the fibres for a 100 nm thick 
covering on a6p. m fibre in a composite of 60% fibre volume fraction. 
The effect of proprietary size on Amoco T40R fibres has been studied by XPS55. The 
C1s core signal indicated that the size contained an organic epoxy molecule that 
interacted strongly with highly oxidised fibres. Extraction of the size under reflux 
conditions for 30 minutes with dimethyl formamide (DMF), known to be a good 
solvent for bisphenol-A epoxy resin, did not completely remove the size material. 
However, exposure of the sized fibre to the achromatic X-ray beam was found to 
instigate significant degradation of the size material, although this occurred after 
approximately 200 minutes exposure, well within the time required to record a typical 
XPS spectrum. However, it was concluded that the X-ray beam was altering the 
interaction of the overlayer with the fibre surface, because the size degraded rapidly 
under the influence of the X-ray beam when adsorbed on a gold substrate. 
Hoecker and Karger-Kocsis56 used high strength fibres coated in two finishes, one 
expected to provide "optimised" adhesion and one that was "not optimised", to 
investigate the interfacial effects on the physical properties of the composite. For a 
range of mechanical tests, the composite using the "optimised" adhesion regime 
performed better overall. SEM photographs revealed that the mode of failure for this 
system was within the matrix material, whereas the latter appeared to fail interfacially. 
Weng ei a157 extracted the commercial size present on Hercules AS4 fibres by boiling 
the fibres in methylene chloride, CH2C12, in a Soxhlet extractor for 48 h. The ToF- 
SIMS and XPS spectra indicated that there were four separate types of compounds 
present within the size on the fibres. These were polydimethylsiloxane (PDMS), 
diisobutyl phthalate (DIBP) and diisooctyl phthalate (DIOP), phenolic antioxidants, 
and glycerol monostearate. However, the peaks in the ToF-SIMS spectrum containing 
silicon at m/z = 28,43,73, and 147 could also be attributed to the presence of silicone 
oil. The silicon containing peaks were reduced in intensity on extraction with CH2C12, 
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whereas the dialkyl phthalate peaks were found to increase, even after prolonged 
extraction. It was concluded that the fibres are able to act as reservoirs for dialkyl 
phthalates, and that these were not present as a result of contamination due to storage 
in plastic bags. However, it is difficult to deduce a reason for the deliberate application 
of these molecules that are routinely used as plasticisers in commercial polymers. The 
XPS and ToF-SIMS spectra also indicated the presence of an amine containing 
compound that was at least partially removed by the extraction process. It is therefore 
possible that the fibres were sized with an amine containing compound that should 
improve the compatibility of the fibre with a resin matrix, together with antioxidants to 
improve the shelf-life of the amine size. It is also possible that a silicone finish was 
applied to the fibre to improve the wettability of the size coated fibre surface, or to 
protect the active amine from interaction with the environment. Herrick3° applied 
amine finishes to the surface of HM fibres, and found that most amines, including the 
curing agent used, were easily removed from the surface of oxidised fibres by washing 
in methyl ether ketone (MEK). No significant improvement in ISS was observed for 
the fibres that had received an amine surface finish. 
The effect of coating Courtaulds IM fibres with an epoxy size has also been 
investigated by the change observed in XPS spectra". Evidence was found for an 
incomplete coverage of size of the fibre surface, due to changes in the N1s spectra, 
and preferential covering of oxygen containing functional groups. Analysis of the C1s 
and 0Is envelopes indicated that the alcohol groups had reacted with the epoxy size, 
whereas no evidence was found for the formation of a covalent bond between 
carboxylic acid groups and the size molecules. 
2.10 Resin Systems 
There are two classifications of matrix materials used in carbon fibre composite 
materials, thermosetting and thermoplastic resins. Thermosets rely on a chemical 
reaction between two compounds to produce a three-dimensional molecular network 
linking the fibres together. Thermoplastics are medium or high molecular weight 
polymers that are softened by heating, and solidify around the fibres. 
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2.10.1 Thermosetting Resin Systems 
The majority of thermosetting polymers are based on the chemical reactivity of the 
strained epoxy ring, and its ability to form strong covalent bonds with a curing agent. 
The two most common reactions are shown in Figures 2.13 and 2.16. 
H 
i0\ 
I 
R-CH2 NH2 + CH2 CH-CH2-R, AN. R-CH2-N-CH2 1H-CH, -R, 
OH 
Figure 2.13. Reaction of an epoxy functional group with a primary amine, producing a secondary 
amine. 
The most commonly used matrix formulation relies on the polymerising reaction 
possible between an epoxy group and an amine, illustrated in Figure 2.13. Further 
reaction with the secondary amine group by another epoxy molecule is possible. The 
amine is therefore difunctional, and so stoichiometrically, one primary amine molecule 
reacts with two epoxy molecules. In most commercial formulations a 3-D network is 
created by using molecules with functional groups on each end of the molecule. The 
epoxide ring can be easily activated by addition of an acid or a basic catalyst, which 
facilitates the opening of the cyclic ether, rendering it susceptible to either nucleophilic 
or electrophilic attack, respectively. The epoxide ring shown in Figure 2.13 will 
therefore be more sensitive to nucleophilic attack if it has been activated by an acid, a 
mechanism portrayed in Figure 2.14. 
\ H+ 
II -H 
Figure 2.14. Activation of an epoxide ring by the action of an acid. 
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If the epoxide is activated in this manner, the complex is also vulnerable to nucleophilic 
attack from alcohol functional groups that are present in the heavier resin fractions (see 
Figure 2.17) and are formed as a result of previous ring opening reactions59 
./ 
(+O\ H OH 
_H+ II 
OH 
R-OH -i- i- R-O-C-i- R-O-i-i- 
Figure 2.15. Nucleophilic attack of an activated epoxy ring by an alcohol. Addition of the alcohol 
occurs at the less substituted carbon, and stereochemistry has not been considered. 
Acid anhydrides are also used as curing agents with epoxy resin formulations. The 
anhydride must first be catalysed before nucleophilic attack can proceed. 
f 
R, - CH - C` 
RZ CH-` 
O 
0 
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Rj CH-C-N(R3)3 
RZ CH - C- 0 
11 
0 
+ 
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CHZ CH-CH2-R 
0 
R1 CH-C-N(R3)3 
RZ CH - C- 0 
II 
O 
0 11 
Rj CH -C- N(R3)3 
RZ CH-II-0-CZ CH-CH2-R 
Figure 2.16. Reaction of an anhydride with an epoxy functional group60. The anhydride is catalysed 
by a tertiary amine, leading to the possibility of nucleophilic attack of the epoxide group. Further 
nucleophiles are produced that propagate the reaction. 
These reactions lead to highly cross-linked systems which are resistant to solvation and 
have high Tg temperatures. The most common epoxy molecule used in industrial 
applications is Dyglicidyl Ether of Bisphenol-A, its structure and method of synthesis is 
shown in Figure 2.17. 
29 
Chapter 2: The Chemistry of Carbon Fibres and Properties of CFRP Constituents 
CH1 OH 
CH' 
0 
CHZ-CH-CHZ-O C 
Q0CFf-_H. 
CHz On\/C O-CH, -CH-CH, 
II 
CH 3 
CH 3 
Figure 2.17. Structure of Shell Epon 828. There are minor components present where n=1,2 . 
The 
resin has an average RMM61 of 377 g mol-'. Neglecting a contribution from the n=2 oligomer (RMM 
= 908), this would leave a mol fraction of 87% n=0 (RMM = 340), and 13% n=1 (RMM = 624). 
\/I\/ OH 2 CI-CHZ CH-CH2 +H 0- C CH3 
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Figure 2.18. Synthesis of DGEBA (Epikote 828) from Bisphenol-A (aromatic starting material) and 
epichlorohydrin (ECH)62. This method of synthesis leaves a significant amount of chlorine associated 
with the resin, probably present as NaCl and HCI. 
There are a number of possible resin systems, other common ones include 
tetrafunctional epoxy resins, and curing agents also vary in functional groups (amines 
or acid anhydrides) and composition. Polyester and polyimide resins are also used to 
form thermosetting matrices The rigidity, density, strength, hardness and appearance 
can all be tailored to achieve the system with the physical properties required. The 
glass transition temperature, Tg, of an epoxy/amine matrix varies with the RMM of the 
epoxy prepolymer, and the stoichiometry of the matrix material63. The Tg was found to 
reach a maximum at the optimum stoichiometry, but was accompanied by a minimum 
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in the modulus of the material. However, it is unknown how the presence of a large 
volume fraction of fibres will affect this behaviour. Often, though these matrices are 
very brittle, and can be toughened by the addition of a filler, usually a silica based 
material. Generally, all composites try to achieve the highest carbon fibre packing 
fraction as possible. This is usually 60-70% for unidirectional composites, and 
somewhat smaller for woven fibres. 
2.10.2 Thermoplastic Resins 
An overall improvement in impact resistance can be realised by the use of 
thermoplastic resins. These CFRPs are more recently developed materials and there is 
a lack of understanding about the interface in these systems. It is widely acknowledged 
that the interphase that forms between the fibre and the matrix dictates the composite 
performance through transferral of shear stresses, and the possible factors that affect 
this adhesion are preferential adsorption onto the fibre by additives, and segregation of 
high molecular weight polymer fractions at the surface. 
Polymer materials used as the matrix are polyethyletherketone (PEEK), polyphenylene 
sulphide (PPS), polyimide, and polyethersulphone (PES)64. These materials have 
greater flexibility and thermal properties than epoxy resin matrices. Other important 
advantages of their use in CFRPs is that they are generally less sensitive to moisture 
adsorption (which can lead to swelling of the composite and a reduction in the glass 
transition temperature) than epoxy resin systems and there is no need for low 
temperature storage of the pre-preg composite pre-cursor because there is no curing 
reaction involved in fabrication. The improved qualities of the final product are off-set 
by the increased expenditure required because performance thermoplastic resins such 
as PEEK are expensive and they require elevated production temperatures 
in 
comparison to epoxy resin systems. 
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2.11 Manufacture of CFRP 
Following the production of the fibres, electrochemical oxidation, and subsequent 
application of size, the fibres are usually laid in sheets and pre-impregnated with the 
matrix material (resin, curing agent, filler, catalyst if necessary), at high pressure to 
form pre-preg laminae. This technology makes it possible for the customer to produce 
a high performance composite to their own specifications by the use of a simple 
autoclave. The customer simply cuts the desired shape and lays as many laminae as 
required for the composite's use. In order to prevent damage to the pre-preg sheets, 
i. e. avoid a chemical reaction with the uncured matrix to unwanted matter of the 
surroundings, the sheets are protected by a white backing paper on one side, and a red 
plastic film on the other. It was found that a significant amount of release agent is 
applied to both sides of the outer layer of the pre-preg sheets, in order to facilitate easy 
removal of these protective films. Often, it is found that the composite fails at the inter- 
lamina boundary, as opposed to the fibre matrix interface. The ILSS can be improved 
by the introduction of a thermoplastic polymer at the interlamina boundary. 
Another common method of manufacture65 is the use of resin injection moulding, in 
which the resin and curing agent are injected into a mould containing fibres of the 
desired orientation and lay-up at high pressure. A problem associated with this method 
of composite fabrication is that the viscosity of the matrix increases as the 
curing reaction proceeds, resulting in imperfect consolidation. Therefore, desired 
properties of the system are a fast curing cycle and low viscosity prior to gelling 
followed by a sudden increase in viscosity at complete curing. This method of 
manufacture is more popular for glass fibre composites in conjunction with urethane 
resin systems. 
2.12 The Interphase 
The interphase is the region of the composite where the fibre and matrix meet and 
interact with each other. As has been stated previously, the ability of this region to 
transfer stress from the matrix to the reinforcing fibre is crucial to the performance of 
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the composite. The curing process allows for diffusion of size (usually an epoxy resin 
material for epoxy systems), resin, curing agent, and catalyst to the fibre surface. Once 
substantial curing has occurred and large 3-D networks of matrix material is present, 
diffusion will become difficult for organic compounds, leaving only the diffusion small 
molecules and ions such as H2O, H, Na+, and Cl- as significant processes. A general 
scheme for the transition from fibre to matrix is shown below. 
A= Fibre 
B= Fibre subsurface 
C= Fibre Surface Layer 
D= Interlayer 
E= Size 
F= Altered Matrix 
G= Matrix 
ABCDEFG 
Figure 2.19. Schematic diagram of the interphase region in a CFRP54 
The region C depicts the chemical groups introduced by the electrochemical oxidation 
process. Region D may not exist in commercial carbon fibre formulations, but in glass 
fibre composites this would represent an adhesion promoter. However, the fibre 
finishing process is proprietary, and it would not be surprising if an adhesion promoter 
was applied to the fibre prior to the size. If this is not the case, then it is an indication 
that the manufacturers believe that the oxidation of the fibres provides satisfactory 
adhesion to the resin. Lu et a166 experimented with the idea of organometallic adhesion 
promoters based on copper compounds, and found a significant improvement in the 
adhesion between epoxy resin and the fibre. It also showed a much improved resistance 
to the degradation of interfacial properties by exposure to moisture and salt water 
environments. Region F is the region of matrix that is in part influenced by the fibre 
and its associated materials. This phase is the subject of conjecture, and there are a 
number of proposed mechanisms that affect the formation and performance of this 
region. Firstly, it is the part of the matrix in contact with the epoxy rich size. During 
curing this will lead to diffusion of the curing agent 
into the size, leaving a hardener 
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deficient phase. Secondly, it is thought that the surface reacts chemically with the 
material that it is in contact with, and this induces a structure that emanates from the 
fibre surface. This structure would not be present in the absence of a fibre. 
High resolution transmission electron microscopy (TEM) has been shown to provide 
useful information about the fibre-matrix interface 
12. It was found that oxidation of 
high strength fibres resulted in more efficient contact between the fibre and matrix. The 
surface of untreated fibres were shown to consist of a few well organised basal planes 
enshrouding disordered internal carbon layers. This was in contrast to oxidised fibres, 
where it was mostly edge planes of the fibres that were in contact with the matrix. In 
fact, the efficiency of contact between fibre and matrix is closely correlated with the 
ILSS. Sized T300 high strength fibres were also studied using the same technique, and 
in the case where an elastomeric size was present, the three separate phases of fibre, 
size, and matrix were clearly visible, indicating that the matrix material does not 
penetrate the size and reach the fibre surface. This suggests that the size must adhere 
strongly to both the fibre and matrix in order to ensure effective stress transfer. 
Peters et alp? investigated the effect that the standard Courtaulds oxidation treatment 
had on the interphase formed in a CFRP. It was found that the strain at interphase 
failure increased significantly with oxidative treatment of the fibres, which had been 
sized and impregnated with a standard commercial resin and hardener. This increase in 
strain failure was accompanied with a small decrease in the transverse modulus, E22. It 
was also observed that water uptake increased with surface treatment, and it was 
concluded that there is a larger free volume as a result of a more fully crosslinked 
polymer in the interphase of composites containing more fully oxidised fibres. 
2.13 Adhesion of Matrix Material to Fibre Surfaces 
The aim in studying the interface of a composite material is to improve the adhesion 
between the two by an understanding of the mechanism of adhesion. A number of 
analytical techniques have proved useful in understanding the 
interaction between a 
matrix and its reinforcing fibre. These include XPS, ToF-SIMS, Raman spectroscopy, 
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ATR-FTIR spectroscopy, and mechanical testing methods such as the single fibre pull 
out test. Galiotis and co-workers68-70 have used Raman spectroscopy to investigate the 
strain along individual fibres embedded in an epoxy resin matrix. The strain associated 
with the fibre can be measured by a shift in the Raman signal of the peaks that 
characterise the carbon fibre. A tensile strain of 1% causes a shift of 12 cm-' in the 
benzene ring vibration at 1580 cm' relative to an unstressed fibre before fracture 
occurs. This has the advantage of being a remote sensor technique, because unlike 
strain gauges Raman spectroscopy does not require contact with the sample to be 
effective, and is also capable of a lateral resolution of 1-2 µm. Strain mapping of the 
Courtaulds Grafil HMS fibre embedded in a Ciba-Geigy MY750 epoxy resin resulted 
in the conclusions that initiation of interfacial debonding is associated with fibre 
fracture and that the debonded length is a function of the strain at which the fibre 
breaks. This led to the authors proposing a model in which the fibre fragments recoil 
after fracturing, causing a debonding of the fibre and matrix. 
The next chapter describes the analytical techniques to be used in this study to 
investigate the surface properties of carbon fibres and components of CFRP systems at 
progressive stages of fabrication. This includes the analysis of carbon fibres, sized 
carbon fibres, pre-preg prior to curing, and a fabricated composite with surfaces 
prepared both in ambient conditions and in-vacuo. 
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Chapter 3 
Instrumental Methods 
3.1 Introduction 
There are a number of methods that have been used to analyse CFRP materials in order 
to understand the interactions occurring between the constituents present and the 
factors that significantly contribute to stress transfer between reinforcing fibre and 
matrix. These range from mechanical tests that probe macroscopic interactions and 
determine the ultimate shear strength of the composite, and analytical techniques that 
investigate the chemical interactions at the molecular level. Mechanical tests have been 
referred to in the experiments conducted as a point of reference and are not discussed 
further here. A number of useful references are found in the literature15,16,54,56,71-74 that 
contain detailed explanations of mechanical tests designed to ascertain the interfacial 
(interaction between single fibre and matrix) and interlaminar (interaction between 
consolidated sheets in a composite - see Appendix 1) shear strengths of composite 
materials under inspection. Surface analysis along with SEM has also found extensive 
use for the investigation of composite materials and the characterisation of the surfaces 
of individual components with the goal of predicting efficient adhesive interactions 
between materials. This includes ToF-SIMS, XPS, inverse gas chromatography (IGC), 
and dynamic contact angle analysis (DCAA). These techniques are reviewed here, with 
special attention to ToF-SIMS, because during this study, this technique will be used 
extensively to analyse the chemical structure of composite and carbon fibre surfaces, 
and being a relatively recent technique, an in-depth consideration of the method with 
regard the analysis of polymer composite materials has not been published. 
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3.2 Time-of-Flight Secondary Ion Mass Spectrometry 
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) uses the particles 
sputtered as ions from a surface to characterise the chemical nature of the material 
under analysis. This technique provides highly surface specific information coupled 
with very high sensitivity of the material present on the surface. However, the 
complexity of spectra from complex systems often requires characterisation by other 
surface analysis techniques such as XPS in order to aid spectral interpretation. The 
factors involved in the use of the experimental technique are discussed in detail below. 
3.2.1 Features of SIMS 
Conventional SIMS separates the ions produced from a surface by means of a 
quadrupole analyser or a magnetic sector analyser. Quadrupole systems are relatively 
cheap but are incapable of detecting high mass ions (m/z >_ 1000) and suffer from low 
transmission. The ions are subjected to direct current (d. c. ) and radio frequency (r. f) 
fields from opposite rods that make up the quadrupole. Depending on the applied field, 
ions of only one m/z can follow a stable trajectory through the field to be detected at 
the other end. The quadrupole set-up is illustrated in Figure 3.1. 
Low-voltage 
ion Pre/post-filters 
extraction /Quadrupole 
Sample Detector 
, 
F1 _H n 
FoG 
12 
i oý 
Figure 3.1. Schematic diagram of ion extraction arrangement for a quadrupole mass analyser. 
Magnetic sector analysers are expensive but offer good transmission, resolution, and 
high mass detection. Ions are separated by virtue of their behaviour in a magnetic field. 
The radius of curvature of an ion is dependent on its kinetic energy, the magnetic 
field, 
and potential difference applied across the magnet. By scanning the potential 
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difference, ions of different m/z appear at an aperture leading to the detector. Time-of- 
flight systems offer similar advantages as a magnetic sector instrument, but with the 
additional benefit of parallel mass detection. This is done by pulsing the primary ion 
source and measuring the time taken to traverse a set distance under a given set of 
parameters, similar to the conditions employed for the magnetic sector. Parallel 
detection provides an increase in sensitivity of X102, and in theory, all ions that leave 
the surface of the sample may reach the detector. However, to achieve first order 
resolution, the geometry of the ions' trajectory must be carefully controlled, and the 
energy spread of the secondary ions limits the resolution of the instrument. A 
comparison of the performance of the various mass spectrometers is listed in Table 3.1. 
Resolution 
. 
Mass Range Transmission 
Mass 
detection 
Relative 
sensitivity 
Quadrupole 103 102 101 0.01-0.1 Sequential 1 
Magnetic 
Sector 104 >104 0.1-0.5 Sequential 10 
Time-of- 
Flight > 103 103-104 0.5-1.0 Parallel 104 
Table 3.1. Attributes of various SIMS systems. 
The low ion doses that can be used in ToF-SIMS result in it being more suitable for the 
analysis of polymers and materials that are easily damaged by a high energy ion beam. 
This has resulted in the definition of static SIMS (SSIMS), where the ion dose per unit 
area of surface is limited to a number derived from the area of damage caused by a 
single ion impact (Section 3.2.4). Dynamic SIMS instrumentation generally consists of 
a combination of an electron impact ionisation source and a quadrupole analyser for 
the production and analysis of secondary ions. This is because dynamic SIMS is 
concerned with the construction of depth profiles e. g. probing the depth distribution of 
impurities in steel or dopants in semiconductors, and relatively high etching rates are 
required (resulting in pressures unsuitable for liquid metal ion guns (Section 3.2.2.1)) 
together with the detection of elemental ions. 
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3.2.2 Instrumentation 
The SIMS technique requires four separate events to occur for a spectrum to be 
recorded. These are desorption and ionisation, ion extraction, mass separation, and 
detection. Material is sputtered from the surface of the sample following bombardment 
by a primary ion beam, often 40Ar+, '32Xe+, 69Ga. +, or 133Cs+. Ion extraction is achieved 
simply by electrostatically attracting the charged particles by means of an electric field, 
which must be pulsed for ToF systems. Negative spectra are routinely available, unlike 
conventional mass spectra, because the polarity of the electrostatic field may be 
reversed to attract ions of the opposite charge. This is in contrast to fragments 
produced by electron ionisation (EI) in conventional mass spectroscopy, because high 
energy electrons are generally too energetic for electron capture, resulting in the 
production of very few negatively charged particles. Mass separation involves the ions 
traversing a flight tube and is achieved by exploiting relationships between mass, 
charge, and velocity, developed from classical physics. Ion detection relies on the mass 
transfer of a high velocity ion producing an electron cascade in a suitable crystal wafer. 
3.2.2.1 Ion Sources 
Secondary ions are produced by bombarding the target (sample) material with a finely 
focused beam of primary ions at keV energies which is produced by means of an ion 
gun. From an experimental point of view, the desirable attributes of an ion gun include 
a small spot size for lateral resolution (useful for imaging SIMS and for chemically 
probing regions of the sample that appear optically different), an inert bombarding ion 
(so as not to react chemically with the target surface and subsurface), and a relatively 
massive bombarding particle (sputtering efficiency increases with primary ion mass). 
All ion guns consist of an ion source, an ion extractor, and an accelerator (held at a 
large potential which usually imparts the final energy of the primary ion); the extractor 
and accelerator can be combined in one voltage step. There are four types of ion gun 
commonly used to produce the primary ion beam, and an atom beam has been 
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developed in order to combat the problem of surface charging, which are discussed 
below. 
i) Electron impact ioniser 
ii) Liquid metal ion gun 
iii) Plasma ion source 
iv) Surface ionisation source. 
v) Fast atom bombardment (FAB) source 
i) An electron impact ioniser is commonly used in conjunction with a quadrupole mass 
analyser to provide a stable and robust instrument for routine SIMS analysis. An inert 
gas is ionised by electron bombardment in a remote chamber in the spectrometer and 
the ions produced extracted through an aperture by electrostatic attraction. The beam 
current may be increased simply by increasing the gas pressure or the electron current. 
A typical source will operate with a gas pressure of 10-7-10-4 mbar and an electron 
beam current of 10 pA - 10 mA extracted from the filament by a potential of 100 V. 
These conditions can produce an ion beam with an energy of 0.1-5 keV with an energy 
spread of 10 eV, and a maximum current of 10-5 A. Inert gases often used for this 
purpose include Ar and Xe. If an inert filament is employed then gases such as 02 and 
N2 can be used in the ionisation chamber. 
ii) A schematic diagram of a liquid metal ion source (LMIS) is shown in Figure 3.2. 
The gun relies on field emission to produce a fine beam with a minimum spot diameter 
of 50 nm. This small spot size, coupled with its high brightness of up to IA cm-1 
results in a superb source for secondary ion imaging. In this source a reservoir of low 
melting point metal is heated and allowed to flow over a fine tungsten tip of radius 1- 
10 p. m. The ion beam is then extracted by a large potential of >_ 108 V cm -1 which 
creates a high energy beam of small spot size. The ion beam forms because at these 
high potentials electrons tunnel into the metal surface causing ionisation of the surface 
atoms and extraction occurs via field ionisation. The small spot size is obtained also as 
a result of the electric field, because at these potentials the molten metal covering the 
tungsten tip forms a "Taylor Cone", illustrated in Figure 3.3. This cone protrudes from 
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the tip towards the extraction electrode culminating in a fine tip of with a diameter of 
approximately 4 nm, although its size depends on the extraction potential. Metals 
typically employed are Ga and In. This type of source is more prone to contamination 
than other ion sources and as a general rule, should not be operated at pressures of 
greater than 5x 10-8 mbar in order to prevent oxidation of the liquid metal. This can 
cause spikes to form on the emission tip, resulting in a slight deviation of the beam 
during analysis, an event particularly detrimental when imaging an area of the surface. 
This can usually be overcome by increasing the emission current, the aim being to 
cause a "flashover" at the tip, thus discharging the oxide spike. Another problem that 
can occur, sometimes as a result of oxidation, is that the tip can dry out. The film of 
metal on the tungsten tip relies on surface wetting to draw the molten metal over the 
tip and so replenish the supply of liquid metal. This can require breaking the vacuum in 
order to facilitate mechanical re-wetting of the gun tip. A LMIS typically produces a 
total ion current of 2-3 µA, and ion energy, dependent on the extraction potential, is 
usually 10-30 keV with an energy spread of 5 eV. 
LMI emitter source (x, y) 
blanking extractor alignment 
aperture 
lens, 
-i- 14 
st i9motor/ 
deflector 
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differential- 
pumping 
Figure 3.2. Schematic diagram of a pulsed liquid metal ion gun (PMIG300). 
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1l 
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Taylor cane 
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Figure 3.3. Formation of a Taylor cone at the emission tip of a PMIG. 
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iii) Plasma ion sources are most useful in dynamic SIMS, employing high current 
densities for depth profiling in elemental analysis. The cold cathode duoplasmatron ion 
source is the most common plasma source, because SI yields of metals are greatly 
enhanced by the use of 02+ as the primary ion beam. Operating with pressures of 10-3 - 
10-2 mbar, the filament in this source is a hollow stainless steel or nickel tube that emits 
ionising electrons due to ion bombardment in the plasma. In noble gas plasma ion 
sources (Ar, Xe, Ne), a hot tungsten or tantalum filament is used to ionise the gas, 
creating the electromagnetically constrained plasma, whereupon arcing from the 
filament to the anode takes place. In both cases the ions are extracted by a strong 
electrostatic field through a 100-300 µm aperture. The resultant beam has current 
densities of up to 20 mA cm 2 and ion energies of 10 keV with an energy spread of 
<20eV. 
iv) Surface ionisation sources are also used mostly for sputter depth profiling. Most 
commonly Cs+ ion guns are used with small spot sizes (200 nm) and low beam currents 
(15 pA). The implantation of Cs+ ions into relatively electronegative materials such as 
P, As, Au, results in enhanced ion emission in the negative ion mode. Ion emission 
relies on the fact that when low ionisation energy materials such as caesium are 
evaporated from a high work function surface such as tungsten or tantalum, they are 
almost completely ionised. This method of ionisation produces ions with an energy of 
15 keV and an energy spread of 200 eV. 
v) Fast Atom Bombardment (FAB) utilises an atom beam to produce secondary ions. 
This alleviates the problems of sample charging incurred when using ion beams 
(Section 3.2.3). Conventional SIMS (using ion beam and quadrupole mass analyser) 
requires the use of a high energy electron gun (500 eV) to dissipate charge build up at 
the sample surface. Unfortunately, this gives rise to electron stimulated ion emission 
(ESTE) leading to peaks in the spectrum which have not arisen from a true sputtering 
process. FAB sources alleviated this problem to a certain extent, but pulsed systems 
such as ToF-SIMS allow low energy electrons to control the sample potential between 
primary ion pulses. This advance, brought about by improvement in fast gating 
electronics has led to demise of FAB-SIMS over recent years. 
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The atom beam is produced by charge exchange when inert gas ions are accelerated 
into a chamber containing inert gas atoms. The ions are neutralised by electron 
exchange from atoms in the chamber and do not experience significant deflection in 
their trajectory. The ions that pass straight through the chamber are deflected by an 
electric field. There are obvious advantages and disadvantages when using atomic 
beams. Firstly, the atom beam can no longer be focused by ion optics, but this also 
means that the energy spread of the beam is unaffected by the high extraction 
potentials used in magnetic sector and ToF systems. Charge exchange is an inefficient 
process, leading to reduced beam currents. 
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Figure 3.4. Schematic diagram of a primary atom source for FAB-SIMS 
The FAB source has been proven to be compatible with the demands of imaging SIMS 
instrumentation, with images acquired from polymer and inorganic oxide samples using 
a microfocused atom beam with a beam diameter of 50 µm75. 
3.2.2.2 Wien Filters 
Once the ion beam has been produced, it can then be focused by electrostatic plates 
(referred to as ion optics). However, in gallium ion guns for example, the beam may 
contain isotopes such as 69Ga and 71Ga, and significant amounts of multiply charged 
ions and cluster ions such as Ga3+ and Gat', which will interfere with the resolution and 
the relative yields of the secondary ions. Therefore, a Wien filter, shown in Figure 3.5, 
is used to separate these species before the beam is focused. This is a mass separator 
that allows ions of only one m/z into the aperture of the analysis chamber by using 
magnetic and electrostatic fields to exploit the relationship: 
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m/z = 2V. (B/E)2 
V= Potential difference /V 
E= Energy /J 
B= Magnetic field IT 
m/z = mass : charge ratio /kg C-' 
(3.1) 
Equation (3.1) shows that ions of different mass are deflected to a different extent 
depending on the electrostatic field employed. The Wien filter also employs a1° bend 
to remove neutral species from the beam. 
X 
z 
Figure 3.5. Schematic diagram of a Wien mass filter76. N, S= magnetic polarity. The mass filter 
relies on the principle described in Equation (3.1). 
3.2.2.3 Pulsing for Time-of-Flight (ToF) Instruments 
The primary beam is pulsed during analysis by means of fast blanking plates which 
pulse the ion beam intermittently across an aperture to produce packets of ions that are 
of an even and controllable time pulse, a process intrinsic to the ToF-SIMS technique. 
Considering the VG Ionex type 23 system used in this laboratory throughout this 
work, a packet of primary ions with a pulse width of 5-50 ns bombards the target, and 
sputtering occurs at the surface of the sample. The sputtered particles are subjected to 
a potential difference (sample bias) of ±5 kV, that attracts the corresponding ions into 
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the mass analyser. Following the arrival of the packet of primary ions, the sample bias 
returns to zero so that there is a finite time between the final (most massive) ions 
arriving at the detector and the lightest ions of the following pulse. This "dead time" 
and the time allocated to the analysis time is set by computer and is related to the mass 
range desired by the operator. The process is repeated over the sample area and 
spectra are summed to produce the mass spectrum. 
The pulsing employed also allows a "window" in which low energy electrons 
(6-14eV) can be directed towards the sample surface to neutralise the build up of 
charge which occurs on insulating materials during this process (Section 3.2.3). 
Obviously, low energy electrons would not be able to perform this operation if the 
sample surface was constantly at high potential. The positive potential of the sample 
surface attracts the low energy electrons to the affected areas. i. e. the parts of the 
surface that are electrostatically charged. If the sample bias was kept on during this 
period, then the electrons would be accelerated towards the conducting sample holder 
during acquisition of positive spectra, and retarded or repelled, depending on the 
energy of the electron beam, during operation in the negative mode. In some SIMS 
systems employing a quadrupole mass analyser, a metallic target plate geometrically 
close to the sample is bombarded with electrons in order to cause the emission of low 
energy electrons that are then attracted to the charged surface. The effect of sample 
charging is discussed later. 
3.2.2.4 Ion Extraction 
The process of sputtering is complicated and rather poorly understood. The electronic 
configuration and chemical nature of the surface has a strong bearing on the ions 
produced, and some models that have previously been proposed will be shown later. 
Once the primary ion packet has impacted with the target, a range of particles are 
emitted, of which only 1-5% are thought to be ions. The sample is at positive or 
negative bias, depending on the mode of spectrometry employed, so ions of only one 
charge are emitted from the surface because ions of the opposite polarity cannot 
escape. Other particles known to radiate from the target include photons, secondary 
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and Auger electrons, backscattered primary particles, and neutrals. Electrons constitute 
the majority of massive particles emanating from the surface. Although the proportion 
of particles emitted as ions is low, the overall transmission of a ToF-SIMS instrument 
is very good (-10%) and as a result of this the required primary ion dose is relatively 
small, an important factor discussed below. The sample under analysis is at a potential 
of ±5 kV with respect to an earthed extraction plate that has an aperture to allow ions 
to pass through to the mass analyser. 
3.2.2.5 Energy Compensation 
The ions produced at the surface have a range of masses and energies that need to be 
resolved, in this case in terms of the time that is taken for a singly charged ion of a 
given mass to reach the detector. It is the energy spread of the ions emitted from the 
sample that limits the ultimate resolution of the instrument. 
The two relationships exploited to achieve this resolution are Equations (3.1) and 
(3.2). 
Ek = 1/2mv2 
Ek = kinetic energy 
v= velocity 
(3.2) 
After the ions have passed through the extraction aperture, they travel along a field- 
free drift tube (Equation (3.2)) to the energy compensator (Equations (3.1) + (3.2)). 
The two popular types of energy compensator developed are shown below. 
An early design was pioneered by Poschenrieder, who demonstrated both energy-free" 
and velocity-free7' dispersion, to first order with respect to energy and momentum 
respectively, in time-of-flight. When an ion is created at the surface of the sample, it is 
accelerated by a homogenous field, F, for a time of duration At;, that is too short to 
allow an ion to traverse the total extent of the field. If the initial energy of the ions has 
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a spread of 0 to E;, then the initial spread in velocity, v;, possessed by the ions is given 
by: 
vi = (2E; /m)"2 (3.2) 
If the ions are allowed to traverse a field-free drift tube, the final momentum, mv,,, of 
the ions is described by: 
mvv, _± mv1, + eFL\t; (3.3) 
e= Fundamental electric charge of an electron (1.6x10-19 C) 
Therefore the resolution of the instrument will be dependent on the initial range in 
momentum of the ions. The momentum spread can be eliminated to first order terms by 
passing the beam through a 180° homogenous magnetic sector field, illustrated in 
Figure 3.6. 
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Figure 3.6. Schematic diagram of a Poschenrieder energy compensator 
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The torroidal electrostatic field subjects the ions to an electromagnetic field so that 
they travel in an arc. If we consider two ions of the same mass, the ion with the greater 
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velocity will travel on an outer part of the arc, thus travelling a greater distance. The 
distance travelled, S, by an ion is defined by the equation: 
S=r. it = (mvt / eBo) . it = [(mvt + eFAt; ) / eBo] . 7t (3.4) 
S= Distance travelled through the field /m 
Bo = Induction of Magnetic Field /T 
The time-of-flight, tr,,, becomes 
tm =S/ [v; + (eFAt; / m)] = (m / eBo) . 71 
(3.5) 
The time-of-flight is independent of the initial velocity and therefore the momentum 
spread of the ions. If the correct geometry is utilised in this system, then the ToF will 
be independent of the initial energy spread, resulting in a significant improvement in the 
resolution of the instrument. Theoretically this system can give a resolution (M AM) of 
up to 1000, although practically this is more realistically X750. 
A more recent design, capable of greater mass resolution utilises an electrostatic ion 
mirror, illustrated in Figure 3.7. Considering the same two ions, this time the more 
energetic particle will penetrate the electric field of the mirror more deeply, achieving 
the same outcome. The purpose of this is to ensure that ions of the same mass emerge 
at the same point in time, after which they traverse a further field-free drift tube 
(Equation (3.2)) this time with ions of the same mass and composition possessing the 
same internal energy. Therefore the time taken for an ion to reach the detector, a single 
ion channel plate, can be directly related to the ions' mass, providing that it is singly 
charged. This design provides superb mass resolution, typically with M/AM - 4000 at 
low m/z values for early designs. More recent commercial machines achieve 
far 
superior resolution to this. 
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Figure 3.7. Schematic diagram of an electrostatic ion mirror. 
3.2.2.6 Ion Detectors 
The detector used in a V. G. lonex ToF-SIMS spectrometer utilised for SSIMS 
analysis throughout this project relies on the conversion of mass impact to the release 
of electrons via a dual channel-plate, arranged in series. The channel plate consists of 
an array of channeltron electron multipliers, effecting a charge gain of approximately 
106 electrons ion' across the two plates. The electrons produced from the second 
channel plate are accelerated towards a phosphor screen with a potential of the order 
of a few kV, resulting in a visible scintillation. The signal produced is electronically 
amplified and recorded using a LeCroy time-to-digital converter (TDC) with a 
resolution of 1 ns. Detection efficiency increases with the velocity of the impinging 
secondary ion, and as a result of this, efficiency decreases as ion mass increases 
because ions of greater mass of the same kinetic energy travel more slowly. Detection 
efficiency at high mass can therefore be increased by applying a post-acceleration 
potential (usually a few kV) to the secondary ions after they have traversed the final 
field-free drift tube. This is only required to detect ions with a m/z >3000. The life-time 
of the detector can therefore be prolonged by using a veto for the high velocity low 
mass ions that will damage the plate array whilst providing no additional compositional 
information in the spectrum. 
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3.2.3 Surface Potential and Energy Spread of Ions 
It is clear that the relative energy spread of the ions must be considered due to the 
number of problems that can ensue if the surface potential of the sample is not 
controlled. The problems associated with charging are dictated by the sample material. 
Under conditions where charging problems do not arise, inorganic ions escape the 
surface with energies of a few eV, whereas organic ions usually have an energy 
distribution around 0.2 eV. The larger the fragment, the lower the internal energy it 
tends to possess. The kinetic energy distribution (KED) of tricosenoic acid 
(C22H43000H) prepared as Langmuir-Blodgett films on a gold substrate have been 
studied by Delcorte and Bertrand79. It was found that the KED of atomic ions followed 
the Sigmund-Thompson law, whereas molecular ions have a much more narrow energy 
distribution. Also, fragments with masses near to the molecular mass had narrower 
energy distributions, which broadened as the number of unsaturated bonds in the ion 
fragment increased. This broadening became more pronounced as the mass of the 
fragment decreased. These observations indicate that ions with high molecular mass 
are desorbed with a low energy, together with a narrow energy distribution, which 
broadens each time bonds of the ion fragment are broken. This may be a function of 
the energy distributions involved in the transition state that must be traversed prior to 
unimolecular decomposition. 
Large fragment ions with significant internal energies tend to decompose quickly, and 
it follows from this statement that the extraction potential will have a great bearing on 
the appearance of the spectrum, particularly for high mass organic fragments. If the 
surface is subjected to a very high potential, as in ToF-SIMS where the sample bias is a 
few kilovolts, then the internal energy distribution of the secondary ions will have a 
different profile than that observed for conventional SIMS, where the analyser used 
is 
a quadrupole. This has an ominous effect if the aim is to compare the relative 
intensities of ions within the spectrum, because even ions of the same fragmentation 
pathway will appear to have different relative intensities if the sample 
bias is varied 
from one spectrum to the next. In conventional SIMS, this is countered, to a certain 
extent, by the method of analysis. The energy acceptance of the analyser 
is tuned to 
receive the most intense signal of the desired ion, and therefore, provided severe 
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charging problems are avoided the optimum surface potential for the detection of the 
desired ion will be attained. The parallel detection offered by ToF-SIMS means that all 
ions of one frame are produced using the same primary beam packet so there is no 
analogous tuning of the mass analyser. This is not a disastrous problem because of the 
ability of the ToF analyser to accept ions with a relatively large energy spread and the 
secondary ions are all accelerated to the same energy by the energy compensation 
system; however if quantification is being attempted, it is imperative to ensure that the 
sample is exposed to the same conditions. In the rare event that the signal is completely 
lost in ToF spectral analysis due to excessive charging of the sample surface, the 
spectrum can sometimes be recovered by reducing the sample bias, thus reducing the 
energy of the secondary ions. It does seem that the slight variation in surface potential 
from sample to sample that will occur for insulators will have an adverse effect on the 
ability to quantify constituents of the surface by the SIMS technique. 
If the sample is an insulator, the surface potential can rise dramatically, resulting not 
only in an increase in the energy spread of the ions, but more seriously it can impart 
energies to ions leaving the surface that are outside the energy acceptance of the mass 
analyser. Quadrupole systems suffer more than ToF analysers for two reasons. Firstly, 
their energy acceptance "window" is smaller than the electrostatic analyser employed 
in ToF systems, and secondly, the pulsing in a ToF instrument allows for greater 
control of surface potential. Lower primary ion doses are required for ToF instruments 
because of their parallel mass detection and hence greater sensitivity. 
Electrons are emitted from the sample surface in the positive and negative SIMS 
modes, and the bombarding particles are usually positively charged (e. g. 
Ga+ Ar+) 
resulting in the analysis area charging to a positive potential. Insulating materials are 
capable of reaching potentials of the order of the impinging 
ion beam, which is 
commonly 103-104 eV, although charging to tens of volts can prove calamitous to 
analysis with quadrupole systems because the energy of acceptance of the analyser 
is a 
few eV. Charging is still a major problem for ToF-SIMS, but a 
ToF analyser can 
accept a range of energies of a few tens of eV, and lower primary 
ion doses alleviate 
the problem relative to conventional SIMS. 
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In positive SIMS the ions are accelerated away from the sample by the electropositive 
bias applied to the surface which leaves the energy distribution of the secondary ions 
outside the energy window of the analyser. In the negative mode, ions find it difficult 
to escape the surface that becomes positively charged as a result of electrons being 
emitted from the insulator. 
3.2.4 Static SIMS 
If the area due to each ion impact can be estimated, then the ion dose at which the total 
analysis area has been affected can be calculated. An analysis which utilises less than 
this dose to acquire a spectrum is then referred to as "static" SIMS. It is believed that 
an ion with an energy of tens of keV will disrupt an area of about 10 nm2, or 10-" m2. 
Therefore, for an analysis area of 1 cm2, or 10-4 m2, the maximum permissible ion dose 
without having to analyse an already damaged portion of the surface is 1013 ions cm 
2. 
This value is only a rough guideline and the point at which the characteristics of the 
peaks of the spectrum begin to change is dependent on the material. Some workers 
have found that the integrity of the spectrum changes at doses of 1012 ions cm-Z. 
Generally, metallic and inorganic materials are more robust under ion bombardment 
and can withstand relatively high dose rates, whereas, as a rule of thumb, it is wise to 
restrict ion doses to 1012 ions CM -2 or lower for organic matrices. 
Gilmore and Seah8° considered the role that matrix effects had on the secondary ion 
(SI) yield as the ion dose increased by studying PET and PTFE. They explained the 
behaviour of the intensity of polymeric ions with ion dose was due to the number of 
bonds that were required to be broken in order for the organic fragment to 
be 
sputtered. For PTFE they observed that some fragments have a static 
SIMS 
"threshold" of c3xlO" ions cm"2, defined as a reduction of <10% of the theoretical 
zero dose ion yield, calculated by extrapolation. These are usually 
large fragments 
carrying structural information which are attached to the polymer by only one 
bond. 
On the other hand, some larger fragments required a dose of 2x1017 ions cm"2 
in order 
to maximise their intensity. In this case, the fragments were normally attached to the 
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polymer by more than one bond, and required a certain amount of prior damage to 
maximise their intensity. 
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Figure 3.8. Effect of ion dose on intensity of fragments of PMNIA8' 
It can be seen from the work of Briggs and Hearn81 in Figure 3.8, and others'2,83 , that 
the intensity of certain ions observed in the mass spectrum of PN54A decreases almost 
immediately with ion dose, whereas others behave in an entirely different way, in the 
same manner as noted by Gilmore and Seah80, increasing until considerable damage to 
the region must have occurred before falling off in intensity. Here they also made the 
important hypothesis that beams of greater energy allow higher mass fragments to be 
sputtered, because such primary ions cause damage in a greater area on the surface for 
each impact, thus producing emission of ions from a larger area before damage has 
affected the surface irreparably. Intuitively, energetic ions will be implanted to a 
greater depth, which would imply that when the collision cascade eventually 
penetrates to the surface the energy involved will have been dispersed over a greater 
volume and will have been dissipated by a greater number of atoms within the solid. 
Thus it is possible that the ions emitted from remote areas to the initial site of impact 
will be larger and possess lower internal energy, therefore reducing the probability of 
further fragmentation, by primary ions of greater energy. 
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It was concluded that there were three distinct mechanisms for ion emission occurring 
from such thermoplastic polymers. These were: 
i) Small increase followed by a rapid decline in intensity. These are often large 
fragments that are characteristic of the whole polymer structure. e. g. m/z =185 in the 
negative mode. 
ii) Small increase in SI yield followed by a steady decline over a large ion dose. This 
type of ion is often a small fragment of the repeat unit such as m/z = 41 in the positive 
mode. 
iii) A steady increase until a maximum is reached, followed by a steady decline. An 
example of this is observed here for the fragment m/z = 133 in the positive mode for 
PMMA. These fragments are more usually from the backbone structure of the 
polymer, requiring more than one bond to be broken. 
From the previous work (those referenced in this section) on the damage and 
sputtering mechanisms in SIMS, it becomes evident that there are a number of distinct 
processes occurring during sputtering, and although the idea of a static regime is useful 
for comparative purposes, there is enough energy present in each single impact to 
produce each type of emission. This implies that there is no actual static limit where 
spectra can be disregarded as damaged, and vice-versa. It must be up to the 
experimentalist to judge whether the sample has been damaged to an unacceptable 
extent. 
3.2.5 Primary ion dose 
A secondary ion mass spectrum yields much information about the surface of a sample, 
of which some is very easy to interpret (e. g. the appearance of metallic and 
inorganic 
ions), some is subtle and must be carefully manipulated (e. g. fragmentation patterns of 
organic molecules), and some must be put into perspective 
(e. g. the apparent 
dominance of ions associated with molecules of low ionisation energy). This 
information must also be coupled with an understanding of the damage incurred by the 
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ion beam. As a guide to the estimation of the disruption caused, it is necessary to have 
an overall idea of the ion dose used for each analysis. When comparing spectra of 
similar materials, it would be of obvious advantage to the interpreter if the spectra 
were acquired under similar conditions, and there are a number of guidelines followed 
by the experimentalist, as explained below. 
The parameters involved are: 
1) Beam flux. The current used in SSIMS is generally <1nA. 
2) Analysis area. The range of area's available are 10-10-10-6 m2 (10-6-10-2 cm2). 
3) Beam Energy. Generally extraction voltages of 10-30 kV are used. The energy 
also affects the spot size of the beam. 
4) Pulse Width. The duration that the beam is in contact with the surface of the 
sample. The instrument has settings between 5 and 50 ns. 
5) Number of frames. Spectra are generally the summation of between 10 and 100 
frames, chosen by the analyst 
The ion beam is rastered across the analysis area at the same rate an electron beam is 
scanned across the screen in a television set, the area of contact being the spot size, 
and the duration the pulse width. The rate at which these packets of ions are fired at 
the sample can either be manually set at either 5 or 10 kHz, or controlled by the 
computer. The computer calculates this from the mass range chosen by the analyst, 
because a greater time is required for massive ions to traverse the path of the 
spectrometer. A frame is the summation of a set number of spectra obtained from the 
number of points that the beam contacts within the analysis area. 
3.2.5.1 Calculation of primary ion dose 
The ion dose that the sample receives is usually calculated by measuring the beam 
current from a continuous ion beam. The parameters that need to be considered are 
listed above, and the dose is calculated in the following manner. 
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It 
Q= charge (a singly charged ion possesses a charge of Q=1.6 x 10"19 C) 
I= beam current /A 
t= time /s 
The number of ions is therefore: 
(3.6) 
NI = It / 1.6 x 10-19 (3.7) 
and the dose 
P=It/ 1.6x 10-19A (3.8) 
P= Ion dose /Ions cm-2 
A= Analysis area /cm 2 
3.2.5.2 Calculation of ion dose from a pulsed beam 
Primary ion dose 
TD=(6.250. Nf. P. Ic. tp)/A (3.9) 
TD = Total ion dose /Ions CM -2 
P= Pulses per pixel 
Nf = Number of frames 
I, = Continuous primary ion current /nA 
tp = Primary ion pulse length /ns 
A= Analysis area /cm2 
1 A= 6.250 x 1018 ions s-' P=32767 
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Therefore, for a typical set of analysis conditions, that is, 50 frames, a continuous 
primary ion current of 0.6 nA, a pulse length of 50 ns, and an analysis area of 1.6 x 10"3 
cm-2 (corresponding to a magnification of 500), we have: 
TD = (6.250 x 1018.50 . 32767.0.6 x 10"9.50 x 10-9) 
1.6 x 10"7 
TD = 1.92 x 1015 ions m2 
TD = 1.92 x 1011 ions cm 2 
This value is well within the 1013 ions cm-2 value calculated as the number of impacts 
required to give a totally disrupted surface. If it is assumed that each ion causes a 
damage area of 10 nm2, then for an analysis area of 10"4 m2 it is predicted that the 
damage zones will overlap when the dose reaches 1017 ions m-2. 
3.2.6 Imaging SSIMS 
The energy compensation systems shown in Figures 3.6 and 3.7 also allow for 
stigmatic imaging of ions sputtered from the surface 
84 
. 
However, it can prove very 
difficult to obtain sufficient SI yields to produce detailed images from organic systems 
without transgressing the static SIMS "limit" of 1013 ions cm-2 . 
Eccles and 
Vickerman85 pointed out that it is possible to image with low primary ion doses when 
using a ToF system where it would prove difficult if a quadrupole system was used. 
Keeping the primary ion dose to a reasonable intensity is difficult when dealing with 
samples that do not give strong SI signals, and where the sample is non-conducting. 
Recent improvements in data processing and storage, together with advances in the 
electronics industry have led to the development of machines that go a long way to 
overcoming this problem. 
Table 3.2 shows the ratio of monolayers removed during an experiment that employs 
one frame of 256 x 256 points, lasting 100 s, and assumes a sputter yield (Y) of one86 
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Area / m2 Current MA 
0.01 0.05 0.1 0.5 1.0 5.0 10.0 
12000 5x10-4 2.5x10-3 5x10"3 0.025 0.05 0.25 ! 0.5 
6000 2x10 3 0.01 0.02 0.1 0.2 1.0 2.0 
3000 0.015 0.075 0.15 0.75 1.5 7.5 15 
1200 
600 
0.05 
0.2 
0.25 
1.0 _ 
0.5 
2.0 
2.5 
10 
5.0 
20 
25 50 
1001 200 
300 1.2 6.2 12.5 62 125 625 1250 
120 5 25 50 250 500 2500 5000 
60 20 100 200 1000 2000 10000 20000 
30 125 625 1250 62501 12500 62500 125000 
Table 3.2. Monolayers removed as a function of ion current and analysis area, after Vickerman. 
86 Brown, and Reed. 
The above table indicates that it is difficult to obtain images under the "static" regime 
even at low beam currents. It is however, desirable to work at low beam currents 
because the lateral resolution increases as the current decreases. Care must also be 
taken in interpreting images involving mobile charged species such as Na' or K+ within 
insulating lattices because of the possibility of these species moving during the 3000 s 
it takes for an average 256 x 256 pixel image s7' 88. It is also thought that the analysis 
depth is greater for inorganic ions than for organic cluster ions. 
3.2.7 Surface Contamination 
SSIMS is carried out under ultra-high-vacuum (UHV) conditions, which are essential 
for a number of reasons fundamental to the SIMS process. Firstly, the overall number 
of collisions between particles in the spectrometer must be kept to a minimum. The 
higher the vacuum employed, the less the attenuation of the primary and secondary ion 
packets. This has a bearing on the resolution and detection efficiency of the instrument. 
Also, the quality of the spectrum is affected because the mean free path, k, of the 
secondary ions is decreased with increasing pressure, and if the number of collisions 
between secondary and random particles becomes significant, the fragmentation 
pattern observed in the mass spectrum would be virtually impossible to interpret. The 
effect that pressure has on the mean free path for N2 at various pressures is shown 
in 
Table 3.3. The values will vary slightly for ionic particles due to coulombic forces, 
although it should be noted that of the ions and neutral fragments emitted 
from the 
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surface, greater than 90% are uncharged. Therefore repulsive forces between similarly 
charged particles should not play a significant role in the determination of the mean 
free path, even at moderate pressures. 
Pressure (mbar) Am 
103-1atm 6.6x10.8 
1 6.6 x 10-5 
10-3 6.6 x 10-2 
10-6 66 
10-10 6.6 x 105 
Table 3.3. Effect of pressure on the mean free path, k, of N2 molecules". 
Secondly, the integrity of the surface of the analyte possesses a finite time within the 
experimental conditions, due to adsorption of contaminants from within the system. 
This is directly related to the partial pressure that a particular gas exerts over the 
sample surface, and its affinity for that surface. Reactive gases such as 02, polar 
molecules such as H2O, and organic contaminants such as surfactants and release 
agents all adsorb readily on any clean or relatively high energy surface and can 
drastically alter the observed mass spectrum. The relative rates of adsorption depend 
on the nature of the sample surface and the adsorbate molecules; it is stated86 that 
generally one monolayer of gas will form in 1s at 10-6 mbar. Experiments require an 
analysis time of the order of 500 s, and therefore pressures of 10"9 mbar are needed in 
the instrument, to ensure that contamination does not build up on the surface whilst the 
sample is in the UHV system. 
Samples that are exposed to ambient conditions prior to introduction into the 
spectrometer are therefore prone to adsorption of atmospheric contaminants. Although 
this is not usually found to be a major problem, in terms of altering the spectrum 
acquired, it is therefore advisable to prepare the surface to be analysed in the UHV 
confines of the spectrometer. This methodology is developed and discussed further in 
Section 8.3. 
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3.2.8 Sputtering 
Sputtering is the process in which the surface of a material is eroded as a direct 
consequence of particle bombardment. Interaction can occur between the incident 
projectiles and particles of the material either in hard sphere elastic collisions, or by the 
transference of energy of the electrons. The former is termed nuclear stopping, and 
instigates "billiard ball" like collisions in the subsurface, whereas the latter is an 
inelastic process, known as electron stopping, which plays a more significant role as 
the velocity of the ion beam increases. Many models have been proposed that attempt 
to explain the ejection of ionic and neutral particles into the vacuum from the sample 
surface; the most relevant to SIMS analysis of organic materials are discussed below 
3.2.8.1 The Linear Collision Cascade Theory 
At energies relevant to the SIMS technique, i. e. 1-30 keV, the majority of incident ions 
are implanted to a depth of 10-25 nm into the target, which disrupts the molecular 
structure in the material. The envisaged area affected by ion impact is illustrated in 
Figure 3.9. Knock-on collisions between atomic nuclei occur, resulting in three types 
of energy dissipation. 
The first of these involves the sputtering of particles as a direct or near-direct 
consequence of collisions in and around the impact area. This immediate area of impact 
will have to deal with the full force of the projectile, and the strength of a chemical 
bond is insignificant compared to the energy of the incoming ion. The dissociation 
energy of a carbon-carbon o-bond, De(C-C) = 347 kJ Mol-' 3.6 eV, is about 0.1% of 
the energy of ions in the beam. Therefore, not only can we expect a great deal of 
damage to be caused at the entry point of the ion beam, there are two important 
conclusions that can be drawn about the particles that are sputtered as a result of this 
mechanism. These are: 
1) The chemical information available will have been severely impaired due to rapid 
bond breaking and reforming. The molecules are likely to have been reduced to very 
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small fragments, and this limits the structural information available. Perhaps more 
serious is the possibility of bond formation between atoms not previously associated 
with each other in the surface, leading to confusion and erroneous conclusions in 
interpretation. 
2) The small particles emitted from this highly damaged region are likely to have large 
kinetic energies. This means that a large proportion will be ejected from the surface 
outside the angle of acceptance of the mass analyser, and will not be observed in the 
spectrum. 
Emission of this type occurs at 10-15-10-14 s after impact, and whilst inevitable, is not 
very important or desirable when one is trying to understand the chemical environment 
of a materials' surface. Fragments that are emitted from this inner region are also likely 
to originate from a greater depth than fragments sputtered from more remote areas of 
the damaged region. 
The second mechanism of ejection of secondary particles occurs at a greater distance 
from the site of impact90. Although this depends on the angle of incidence, it is of the 
order of 0.3-0.4 nm. This is known as the collision cascade, where the primary ion 
penetrates the surface, producing recoil collisions between the constituent atoms of the 
subsurface and causing particles to be emitted from within 1-2 nm of the sample 
surface. Energies involved with the sputtered particles are much reduced in comparison 
to the direct sputtering process, and the projection of large fragments or intact 
molecules into the vacuum above the surface is possible. The amount of bond breaking 
and therefore, bond formation between previously unassociated atoms or fragments 
is 
greatly reduced, allowing chemical characterisation of the sample surface. This 
mechanism is known as slow collisional sputtering, and occurs in the region of 
10-14-10-12 s after initial impact of the primary projectile. The effect produces secondary 
ions emitted with a cosine distribution about the surface normal and translational 
energies in the range 1-20 eV. These ions are within the angle of acceptance 
for the 
mass analyser, and it is this energy spread that is the limiting factor 
for mass resolution 
and that is corrected for by the energy compensator (discussed 
in Section 3.2.2.5). 
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Figure 3.9. Schematic diagram of proposed damage area of the sample surface after ion impact. 
The other type of collisional interaction is labelled slow thermal sputtering or the spike 
regime, occurring 10-12 s after impact. The primary ion causes significant disruption to 
the molecular structure of the subsurface, and the majority of atoms within a certain 
area are in thermal motion. This "shock wave" is termed a thermal spike. Sputtering is 
possibly induced thermally for conducting materials and electronic for insulators, but a 
satisfactory explanation for this phenomena does not exist in the literature. It is a 
complex process, and attempts have been made to describe sputtering from organic 
materials using other approaches. 
3.2.8.2 SIMS Matrix Effects 
The rate of sputtering and local damage caused is greatly dependent on both the type 
of beam employed and the target material. These differences in behaviour arise mainly 
due to the electrical and thermal conducting properties of the target which influence its 
ability to disperse charge and heat from the damaged region. This is due to the 
fact 
that, for example, a 69Ga+ ion with an energy of 30 keV travels at a velocity of 3x10'4 
nm s', and the relaxation time of electrons in a conducting medium is 10-19 s. The 
62 
Chapter 3: Instrumental Methods 
impinging ion is neutralised before it reaches the surface, and any subsequent build up 
of charge is dissipated quickly because the region of the sample local to the damage 
area is experiencing a potential of 5 kV during analysis. In marked contrast to 
conducting samples, the availability of electrons may be affected in the case of an 
insulating material , where charge 
build up and rapid structural degradation can occur, 
resulting in severe or sometimes total loss of signal. 
The ability of the atoms, ions, or molecules present in the surface to dissipate energy 
and charge from the impact site is of paramount importance when the effect on 
sputtered particles leaving the surface is considered. The Fermi level or work function 
of the surface has a profound influence on whether the particle leaves the surface as an 
ion, atom, molecule, or molecular ion because of its ability to donate or accept 
electrons in order to stabilise the energy of the system involved. This is illustrated in 
the effect that oxidising a clean metal surface has on secondary ion yield. Clean metals 
give relatively low secondary ion yields, but an increase of the order of 102-104 is 
observed when the surface has been oxidised86. The electronic configuration of the 
particle sputtered, with respect to both its final state and its environment when 
disrupted during the sputtering process, is therefore another factor influencing its ionic 
state, which dictates the fragmentation pattern observed in the mass spectrum. 
3.2.9 Ionisation 
The appearance of a particular ion in a mass spectrum, although influenced by a 
number of criteria, is primarily dependent on its ionisation potential. Herein lies the 
difficulty in obtaining useful quantitative information from peaks present in a spectrum, 
because atoms or molecules with a low ionisation potential have a greater probability 
of being sputtered as ions than those with higher ionisation potentials. For this reason 
SIMS is particularly sensitive to alkali metals, whereas metals such as nickel are not as 
likely to be ionised. A surface comprising of nickel and sodium will show a totally 
dominant sodium peak because the potential associated with the surface will neutralise 
a greater proportion of nickel ions. 
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There are a number of models in the literature which attempt to explain the formation 
of ions from the sputtering process. Some of these are conflicting, claiming a universal 
theory for ion production, whereas others take a more measured approach, relating the 
formation of sputtered ions to the particular surface structure and conditions present. 
An outline of some of these is given below. 
3.2.9.1 The Nascent Ion Model 
It is still a matter of conjecture whether ionisation occurs simultaneously or 
consequently to sputtering, and a number of models have been produced in order to 
explain the factors affecting the appearance of ions in a mass spectrum. The most 
widely accepted of these is the nascent ion model proposed by Gerhard and Plog91'92, 
illustrated in Figure 3.10. This was developed using the theory that electronic 
transitions are too rapid to allow an ion to escape the surface without being 
neutralised, and proposed that ions are formed a short distance from the surface by 
dissociation of nascent ion molecules. The system considered is an oxidised metal 
surface, where the atoms are present in an oxide lattice, and the lattice of metal (Me) 
and oxygen (0) atoms are disrupted as they are bombarded by an argon (Ar) ion beam. 
During the collision cascade, energy is transferred to constituents of the lattice and 
fragments are sputtered from the surface. Neutral fragments often exist in the form of 
ion pairs i. e. MeO, and can escape from the surface with sufficient energy to cause 
molecular dissociation, which can occur outside the influence of the surface potential 
barrier resulting in ion formation via charge retention and exchange. Such fragments or 
molecules are termed nascent ions. Only a small proportion of such ion pairs are 
thought to have enough energy to dissociate in this manner. This theory also explains 
the increase in secondary ion yield when a metal surface is oxidised. On a clean metal 
surface, there are no ion pairs such as MeO present, and metal atoms would not 
spontaneously emit an electron to form an ion. Metal clusters are likely to retain their 
charge should they dissociate in the vacuum, resulting in relatively low ion formation. 
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Figure 3.10. Schematic diagram of the nascent ion model. 0= metal, 9 = oxygen, Ar = Argon. 
Figure 3.10 shows the model proposed by Gerhard and Plog92. The dissociation of the 
neutral molecule is thought to occur outside the influence of the surface potential 
barrier, that would neutralise ions leaving the solid. This quite clearly assumes that 
ionisation occurs as a separate mechanism to sputtering and implies that the formation 
of ions observed in the mass spectrum is not dependent on the electronic state of the 
material because ions are neutralised if they form before they have left the surface. This 
would seem a rather simplistic model because the SIMS spectrum behaves in a fashion 
that indicates it is very much affected by the surface potential. 
This model was conceived to explain the formation of ions from an inorganic or 
metallic lattice, and, although there are major differences in structural classification, 
there are some parallels where graphite fibres are concerned. The conducting nature of 
carbon fibres should affect the neutralisation of ions leaving the surface in a similar 
fashion, and oxidation should lead to an increase in work function as it does 
in metallic 
materials. 
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3.2.9.2 Desorption Ionisation Model 
It has been noted that the formation of ions from an organic molecule may follow a 
different mechanism, and an attempt to elucidate their production during sputtering 
was made by Cooks and Busch93, who proposed the desorption ionisation (DI) model. 
This states that desorption and ionisation can be considered as separate events, and 
underlines the relative probabilities of the appearance in the mass spectrum. Preformed 
ions are said to traverse the selvedge (see next paragraph) into the vacuum from the 
surface with relative ease, whereas neutrals, whilst desorbed in great abundance by 
sputtering, must undergo the inefficient process of ionisation of a neutral molecule by 
fast ion/molecule reaction. In the overall process of sputtering, the particles sputtered 
are disturbed by the collision cascade, some distance from the initial site of impact, and 
generally possess a relatively small amount of internal energy. This restricts the number 
of unimolecular reactions an ion can undergo, but also limits the probability of 
ionisation of neutral molecules. The conclusions of this theory are described in the 
diagram below. 
ENERGY DEPOSITION 
ENERGY DESORPTION ENERGY 
ISOMERIZATION decreases with distance from impact / 
a ular 
/ 
CATIONIZATION 
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Comic DISSOCIATION 
/ DESOLVATION 
CONDENSED SELVEDGE VACUUM 
PHASE 
ION/MOLECULE REACTIONS UNIMOLECULAR DISSOCIATIONS 
Figure 3.11. Desorption-ionisation model proposed by Cooks and Busch93 
In this model the authors define the selvedge boundary as the "limit beyond which no 
ionisation step occurs. " This is therefore a statement implying that ionisation does not 
occur outside the influence of the energy barrier associated with the surface, or 
selvedge. This is somewhat in conflict with the nascent ion molecule theory, and arises 
66 
Chapter 3: Instrumental Methods 
due to the different chemical nature of the materials, i. e. matrix effects. They state that 
the energy transference from the translational motion of the disrupted surface to 
vibrational modes of the molecular ion is inefficient, resulting in relatively low excess 
energies in the desorbed ions (see Section 3.2.3). 
3.2.9.3 Unified Sputtering Theory 
Falcone et aß'4 attempted to produce a unified theory of sputtering and ion formation 
from organic materials. They argued that the elastic collision of atomic nuclei could not 
be used as an explanation of the resultant secondary ions observed, because it did not 
relate to the experimental value of the maximum sputtered energy. They suggested that 
the surface absorbed the energy of the primary beam in the form of the "internal degree 
of freedom of the surface system", an explanation more closely related to the thermal 
spike regime. In other words, they support the idea that the secondary ions emitted 
from a surface are rather insensitive to the method of excitement (ion bombardment, 
laser desorption), but that it depends on the total energy imparted to the system. 
However, there are several mechanisms involved in the formation of sputtered 
particles, and the distribution of the incident energy is strongly dependent on matrix 
effects. 
It is interesting to note the discrepancy of theories to explain a physical observation. 
Here, Falcone et al have attributed the structural sensitivity of SIMS by saying that the 
energy imparted to a system forms such ions because any surface has an energy 
associated with it termed the internal degree of freedom of the surface; this energy is 
distributed and dissipated depending on the nature (i. e. chemical structure) of the 
material. The collision cascade theory and DI model predict that energy is transferred 
in hard sphere collisions, that are not affected by the structure of the solid. Instead the 
knock on collisions reach the surface where the energy of interactions has dissipated 
enough to be capable of desorbing intact molecules and large fragments retaining the 
original chemical structure. 
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3.2.9.4 Electronic Processes 
Murray et aß'5 put forward a compelling argument for the processes governing 
sputtering by considering the work function of the sample material. They formed the 
view that a particle leaving the influence of the surface may undergo electron transfer 
by either electron tunnelling or by a two-electron Auger process. In this model, they 
used classical electron energy diagrams to describe the relative probabilities that an ion 
would be neutralised on leaving the selvedge of a material. Generally, for metallic and 
conducting materials, electron energy levels in the valence band correspond to energy 
levels of a vacant electron orbital of the metallic ion. Electron tunnelling was thought 
to occur as the ion traversed the selvedge. Auger processes were also found to be 
favourable under these conditions, providing another method of neutralisation. This is 
in contrast to non-conducting solids such as oxidised metals, where there is a relatively 
large "forbidden zone" between the valence band and the conducting band for electron 
energy states. Here there is no such neutralising transition possible, because the 
electron energy levels of the vacant orbitals of the ion do not correspond in the right 
manner to the energy levels of the valence band of the oxide. Auger transitions also lie 
outside this energy set up. As a result an ion can pass the surface energy barrier of the 
oxide without neutralisation. This argument was extended to cover ionic materials e. g. 
NaCl, that emit ions very efficiently. The narrow valence bands and large valence gaps 
accounted for the very high yields of ions from these materials. 
Although this theory goes a long way to explaining the processes governing ion 
formation and emission, unfortunately this has only been applied to very simple 
systems in which the electron energy levels could be predicted. In more complicated 
systems, this would prove to be a virtually impossible task that limits its use as a model 
for real surfaces. 
Other models for the generation of ions formed in the SIMS process have been 
proposed and are discussed elsewhere86 
68 
Chapter 3: Instrumental Methods 
3.2.9.5 Preformed Ions 
When the theories discussed above are contemplated it becomes clear that the point of 
ionisation is uncertain and plays a very important role in the prediction of a mechanism 
for secondary ion production. It can be seen that a protonated molecular ion is often 
observed in the SIMS spectrum in the form (M + H)+. Therefore the availability of 
protons able to associate themselves with a molecule at the surface will have an effect 
on the intensity of the observed protonated molecular ion, assuming that the formation 
at the surface/selvedge and dissociation in the selvedge/vacuum of such an ion obeys 
established thermodynamic laws. Tantsyrev96 used equimolar mixtures of benzene and 
deuterated benzene to support the theory that the ion beam produces hot spots within 
the target, in which proton exchange occurs due to ion/molecule reactions. Within this 
hot spot, Tantsyrev envisaged reactions of the type: 
CnH2+ + HR -> C. H3+ +R 
Where HR is a benzene molecule or fragment. 
By analysing benzene, deuterated benzene, and an equimolar mixture of the two, and 
assuming no chemical effect occurring by the replacement of hydrogen with deuterium, 
the observation of ions of the type CnH2D+ was taken as evidence of ion/molecule 
reactions within the area disrupted by the ion beam. This type of reaction was thought 
to independent of the initial temperature of the sample, inferred from previous 
sputtering experiments performed using ice as the sample under investigation. Hook et 
alp' found that the relative abundance of the protonated monomer of 
poly(aminostyrene) (PAS) on an etched silver substrate was greatly increased with the 
addition of HCl to the solvent (methanol) prior to casting the polymer on the substrate. 
This observation was taken as evidence of the existence of preformed ions, because of 
the greatly increased intensity of the protonated molecular ion, [M-H]+, with respect to 
fragment ions that originate from the same molecule. This is a well known 
phenomenon that occurs not just for proton addition but also for alkali metal and 
transition metal cations. 
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The cationisation of organic molecules by certain metals has been exploited in the 
analysis of low molecular weight polymers. If a monolayer of polymer is cast onto a 
suitable substrate (e. g. silver) 98-103, it is possible to desorb and cationise complete 
molecules, thereby observing the oligomeric distribution of the polymer. An example of 
this is presented in Figure 3.12, which shows polystyrene (Mw = 1700) cationised by 
silver ions. A series of peaks is observed in the spectrum, separated by the mass of the 
monomer unit, and corresponding to (M + C)+, and the results have been found to 
compare well with gel permeation chromatography (GPC), a technique commonly 
used to deduce the oligomeric distribution of a polymer. This has successfully been 
achieved with polystyrene104 with an average RMM of up to 7000. To successfully 
detect ions of this mass, a slight modification to the machine is required. The efficiency 
of the channel plate is dependent on the velocity of the ion striking the detector, and 
because the kinetic energy of a particle is defined as 1/2 mv2, the more massive 
particles will have a smaller velocity because they have been accelerated by the same 
extraction potential. A post acceleration voltage of 5-20 kV is therefore applied to 
accelerate the more massive ions towards the detector to improve detection efficiency. 
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Figure 3.12. ToF-SIMS spectrum of polystyrene (PS) on silver showing cationisation of oligomers of 
PS (MW = 1700). 
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In theory, there is no mass limit to the detection of ions using the ToF-SIMS 
technique. However, there is a limit to the size of molecule that may be sputtered from 
a surface, experimentally found to be at 10000 Daltons, which is thought to be due to a 
combination of species concentration and chain entanglement. The concentration effect 
occurs because the sampling area remains constant for identical experimental 
conditions as the cross-sectional area of the molecule increases with molecular mass. 
Increasing the sampling area does not affect the area sputtered from each individual 
primary ion impact. Subjectively, this area may be increased by either increasing the 
energy of the ion beam or by using more massive primary ions. Sputtering efficiency 
increases with primary ion mass, and implantation depth will increase with ion velocity, 
resulting in a greater damage area when the collision cascade recoils back to the 
surface. The concentration effect is explained by the number of molecules that can be 
deposited in the sampling area. This is in the region of 1000 for a PS molecule99 with a 
RMM of 10000, and 300 for a RMM of 12000 for an analysis area of 1 mm2. It was 
assumed that the detection limit of the ToF-SIMS machine used was approximately 
1000 molecules. 
Cationisation occurs if metallic salts were mixed with the analyte prior to solvation and 
casting onto the substrate, as well as for a number of metallic substrates. Grade et allos 
found that Cu (II) salts cationised molecules more efficiently than a Cu (I) or Ag (I) 
salts, and rationalised that the surface was not able to neutralise doubly charged 
species as easily as singly charged ones. Also, their results indicated that transition 
metal ions with a full complement of d-shell electrons, such as Ag and Cu were better 
at cationising organic molecules than those that do not, such as Pd and Pt. 
In summary, the observation of these ions can prove very useful in the elucidation of 
the fragmentation pattern of a polymer. Organic molecules generally have similar first 
ionisation potentials1°6, of the order 8-10 eV. This ionisation energy is usually higher 
than the work function of the surface, leading to neutralisation of the molecule in the 
desorption process. Cationisation provides a more energetically favourable route to 
desorption of intact molecules that can be detected by the SIMS instrument. Although 
this increases sensitivity to the majority of organic molecules, quantification of species 
on the surface is no longer valid due to the relative affinity that the cation 
has to each 
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polymer molecule. The fact that most organic molecules have similar ionisation 
potentials results in the quasi-quantitative nature of the technique in Static SIMS. 
3.2.10 Quantification in SIMS 
Although the effect of the relative ionisation probabilities would appear to make 
quantification virtually impossible in SIMS, semi-quantitative information can be 
obtained if certain procedures are followed. For organic systems, there are two 
established methods of quantifying peaks in the spectrum. In normal situations, this is 
only useful if the information gained can be compared to results from other spectra. 
The peak in question must reliably reflect the presence of the species it is assigned to, 
and not be prone to significant contribution from other sources, e. g. contamination. 
The overall appearance of the spectrum usually reveals whether there is contamination 
present on the sample surface. Also, it is important to consider the relative appearance 
probabilities of the ions in question. It has been noted that SIMS is very sensitive to the 
presence of alkali metals, and less so to organic ions because of the difference in 
ionisation potential. Therefore it would be unwise to compare metallic ions with 
organic ions because of the difference in their mechanisms of formation. The fact that 
most organic ions have very similar ionisation potentials leads to the possibility of 
relative quantification in SSIMS of organic systems being reliable. 
The first method of quantifying spectra is by normalising the chosen peak by dividing 
the intensity of the peak with the sum of all the peaks in the spectrum. This routine can 
be improved by disregarding the contribution from inorganic ions. This is done simply 
by subtracting the intensity of peaks due to metallic ions such as Na' from the total 
number of counts in the spectrum. This has previously been designated the normalised 
peak intensity41 (NPI). The second method, particularly useful in comparing the ratio 
of constituents in polymer blends, is to ratio the intensity of a peak due to one 
component (P1) with the sum of intensity of the same peak and a corresponding peak 
designated to the other component (P1 + P2). This value has been labelled the relative 
peak intensity (RPI) by the current author. This has the advantage in that it is possible 
to compare ions of similar mass (by intuition they should have similar sputtering 
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efficiencies) as well as similar ionisation potentials (e. g. for organic ions). The relative 
quantities of the materials that are responsible for the ions can therefore be estimated. 
Chapters 5 and 6 will utilise this parameter and attempt to develop an improved 
treatment of the SIMS data by consideration of the effect that the ionisation potential 
has on the appearance of ions originating from the same source. It is generally sensible 
to avoid utilising peaks that can be confused with common contaminants (e. g. m/z = 
43,73,147 attributable to PDMS) and also to reproduce the same experimental 
conditions (ion dose, beam energy, sample bias, analysis area). Inherent uncertainties 
are present in insulating samples due to the fact that it is impossible to predict the 
potential on the surface of an insulator during a SIMS experiment accurately. If there is 
any significant discrepancy from one sample to another this will lead to the possibility 
of a difference in the internal energies of ions between samples, leading to different 
ionic ratios. It is possible that the very nature of the surface leads to such discrepancies 
reflecting a true difference in the surface chemistry of the samples. 
Recently Galuska107 has shown that the average molecular mass can be predicted by 
polymer end group analysis. This is possible because formation of the protonated 
monomer (monomer + H) ion is more efficient from the chain end than from the central 
polymer units. It was found that if the intensity of the (monomer + H) ion, e. g. C7H7+ 
for polystyrene, was divided by the intensity of simple ions formed from the polymer 
backbone, such as C2H3+, or from the (monomer - H) ion, e. g. C7H5+ for PS, then the 
relative intensity decreases exponentially with the log(RMM) of the polymer in 
question. This results in the possibility of constructing a calibration curve of the RMM 
of the polymer, and therefore the ability to predict the average RNIlVI of a polymer of 
an unknown RMM. It is obvious that the RMM of the polymer has a major effect on 
the probability of the formation of the (monomer + H) ion, given that 
it varies 
exponentially with the log(RMM) of the polymer. It is therefore likely that the 
calibration curve will be affected by the molecular weight distribution of the polymer. 
It was found, that for a range of polymers, the exponential curve levelled off when the 
RMM reached about 20000, and therefore it is only possible to distinguish 
between 
polymers of relatively low molecular mass. Above this mass, the RMM no 
longer had 
such a profound effect on the formation of the protonated monomer 
ion. 
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3.2.11 Interpretation of Mass Spectra 
Once the ion has been desorbed into the vacuum and left the influence of the surface of 
the analyte, the only reactions that it can undergo are fragmentation and 
rearrangement. The low pressure of the analysis chamber ensures that the probability 
of collision with another particle is negligible (Section 3.2.7). Sputtering involves the 
transfer of a relatively small amount of energy during the ionisation step, and leaves the 
ions which are within the angle of acceptance of the analyser with a low internal energy 
(<20 eV). In conventional mass spectrometry 70 eV electrons bombard a gaseous 
sample in an ionisation chamber, and the resultant ions possess a relatively high internal 
energy, and are therefore more likely to decompose before reaching the detector. 
Ionisation techniques such as sputtering and chemical ionisation produce a greater 
proportion of molecular ions because at these energies they are more stable relative to 
the time-of-flight required to reach the detector. The method of ionisation subtly 
changes the relative abundance of the ions observed in the spectrum, but generally, 
fragmentation patterns can be related to rules established in interpretation of 
conventional mass spectra. These have been discussed in detail elsewhere1°8 and the 
basic concepts are listed below. 
3.2.11.1 Isotopic abundance 
The natural isotopic abundance of an element can be very useful in identifying whether 
a particular peak belongs to a fragmentation series or not. For instance, bromine has 
two isotopes of equal abundance, 79Br and 81Br. Therefore any bromine-containing ion 
will appear as having two peaks of equal intensity separated by two m/z units. Also, 
the absence of such a striking set of peaks automatically informs the interpreter that a 
particular ion does not contain bromine. 
In conventional mass spectrometry, elements that have relatively minor contributions 
from isotopes often provide key evidence in peak assignment. The most common 
example being that of carbon, which has a 1. 1% contribution from 
13C. The picture for 
organic compounds becomes a great deal easier once some information of the number 
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of carbon atoms present has been discovered. Unfortunately, in SIMS, particularly for 
organic materials, the surface is usually a complex structure that generally yields a 
significant peak at every other m/z (Section 3.2.11.3) at the low mass part of the 
spectrum. In general, for SIMS spectra of organic materials, there are only a few 
elements that boast a useful isotopic ratio. These are Cl, Br, Ag, and, to a lesser extent 
Si. 
3.2.11.2 Molecular Ions (M+') 
In MS of pure compounds, the molecular ion is the name given to the ion of highest 
mass in the spectrum, providing that it is an odd-electron ion (Section 3.2.11.3), and 
that the other high mass ions can be assigned by losses of logical neutral molecules 
from the molecular ion. It has already been mentioned that sputtering is a soft 
ionisation technique, and is more likely to produce molecular ions in the spectrum than 
EI. When one considers the surface of a real organic material, then it is possible that 
there are a number of molecular ions present. It is sometimes possible to assign peaks 
to molecular ions, if the interpreter has some knowledge of the surface structure, and 
they can be very useful in elucidating the origin of many peaks in the spectrum. In 
commercial organic materials, plasticisers and low relative molecular mass (RVIIM) 
lubricants and photostabilisers often yield their molecular ions, whereas the M+' of 
medium-to-high RNIlM polymer constituents are rarely observed because either chain 
entanglement inhibits their desorption or the cross-sectional area of large polymer 
molecules is of the same order of magnitude as the area damaged by sputtering, 
resulting in the number of molecular ions sputtered being below the detection limit of 
the instrument. 
3.2.11.3 Odd-electron ions 
With the exception of molecular ions, odd-electron ions are rarely produced by "soft" 
ionisation methods, and are important peaks in the mass spectrum. As a general rule, 
odd-electron ions possess a greater internal energy than their even-electron 
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counterparts because they are radicals. Often a competing reaction will yield the more 
stable products, and if odd-electron ions are observed in a SIMS spectrum they are 
usually resonance stabilised. This leads to the important conclusion that if a peak is 
observed with an even m/z ratio, then this ion must either be an odd-electron ion, 
possibly the M'', or it contains an odd number of nitrogen atoms. Nitrogen is the only 
trivalent atom commonly found in organic compounds, so a series of nitrogen 
containing ions is sometimes easily distinguished from other ions. 
Figure 3.13 shows a possible fragmentation pathway for the decomposition of the 
aldehyde 2-ethylhexanal. The molecular ion decomposes via a hydrogen rearrangement 
resulting in the formation of a distonic radical (a radical ion where the charge is 
situated on a different atom to the unpaired electron). Further decomposition results in 
the formation of the more stable even-electron ion with a m/z = 57. Although the 
formation of the molecular ion results in the formation of an odd-electron ion, 
fragmentation nearly always favours the formation of a radical and an even-electron ion 
via a distonic radical intermediate. 
u i-l 
C2H - CA C2H5 +_ CA 
HH II H 
m/z = 128 m/z = 100 m/z = 57 
Figure 3.13. Decomposition of 2-ethylhexanal to an even-electron ion108 
3.2.11.4 Ion Stability 
After ionisation, a particular ion species will possess a range of energies, a proportion 
of which will possess enough energy to overcome the energy barrier required for a 
reaction to proceed. Often there are a number of active complexes possible, and 
therefore competitive reactions exist. Thermodynamics predicts that the most abundant 
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ions formed will be the most stable, because these are the most favoured energetic 
states. This is therefore an explanation for the fact that odd-electron ions are usually 
resonance stabilised, and that soft ionisation methods lead to a relatively greater 
abundance of molecular ions; if the molecular ion possesses a lower internal energy, it 
is less likely to have enough energy to overcome an energy barrier to form other 
products. Ions are stabilised by electron resonance or by heteroatoms in the molecule 
possessing non-bonding orbitals. 
3.2.12 Summary 
ToF-SIMS is shown to be a useful technique to elucidate the chemical structure of a 
particular surface, and is particularly powerful when used in conjunction with XPS. 
The advent of nanosecond TDC and electronic pulsing has allowed the development of 
parallel mass detection used in ToF-SIMS from the sequential scanning of conventional 
SIMS, and this crucial advance has led to the use of ToF-SIMS to characterise 
polymer surfaces. The subtleties governing ion fragmentation lead to the technique 
detecting even slight chemical changes in the surface structure. If a fragmentation 
pattern of a molecule is known, the appearance of a set of peaks often leads to an 
unmistakable characterisation of the sample surface, even at very low concentrations. 
ToF-SIMS has also shown itself to be semi-quantitative in nature, and whilst obtaining 
quantitative data is not as straightforward as in XPS, it does have the ability to 
compare relative amounts of surface coverage for similar molecules. 
3.3 X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a well established surface analytical 
technique that relies on the photoelectric effect originally observed by Hertz in the late 
nineteenth century, and explained by Einstein at the turn of the century. There are a 
number of modern texts existing that elucidate the basic principles and subtleties 
relevant to the XPS and Auger techniques that are applied for surface analysis of 
materials of scientific and commercial interest 
lo9-'1' 
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3.3.1 Emission Processes from Atoms 
An incident photon can cause the emission of a core electron of a material, providing 
that it possesses enough energy. This threshold energy value is dependent on the 
binding energy of the electron and the intrinsic work function of the spectrometer 
employed. 
EB=by -EK-W (3.10) 
EB = Binding Energy of the core electron 
by = Photon (X-ray) energy 
EK = Kinetic energy of the ejected electron 
W= Work function of the spectrometer (constant) 
If a material is irradiated with an X-ray beam of known wavelength, and the kinetic 
energy of the ejected electron is measured, then the binding energy that the electron 
experienced in the atom in which it resided may be calculated. The binding energy of a 
core electron is characteristic of that element, and therefore XPS is a powerful tool in 
deducing the chemical constituents that are present in a material. Once the electron has 
been ejected, the atom from which it originated is in an excited state. This can lead to 
emission of a photon (fluorescence), or another electron (Auger), as the atom relaxes 
its excess energy. These processes are also characteristic of the element concerned, 
because the energy states of atoms are quantised. 
In Auger electron spectroscopy (AES) the kinetic energy of the ejected electron is 
approximately the difference between the energy level of the electron shell with the 
vacancy and the combined energy of the two outer electrons involved in the transition, 
and is not dependent on the energy of the incident photoelectron. This relaxation 
mechanism effectively results in the ejection of an element specific electron. The Auger 
process is more efficiently induced by means of electron irradiation, so conventional 
AES uses an electron gun to induce emission. In this case the primarily emitted 
electron, corresponding to ep ejected via interaction with an incident electron in Figure 
3.14, is not quantised, and so carries no useful chemical information, unless the 
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electron is emitted as a result of a core-core-core (CCC) transition. Although AES is 
not particularly useful when dealing with the materials that are the subject of this 
study without careful sample preparation, X-ray induced Auger electrons are observed 
in the XPS spectrum. 
XRF occurs by the emission of a photon, when an electron relaxes from an outer shell 
into the vacancy of the core shell created when the electron is ejected. This relaxation 
is restricted by quantum mechanical laws, and as a result the photon carries useful 
chemical information. However, this process competes with the Auger process, and 
the radiation emitted tends to be weak. 
The processes concerned are illustrated below: 
XPS AES 
ea 
"'' 
ea by '. ýº 
=L " 
Iea(lL3) 
XRF 
2P (L3) 
2p (L, ) 
2s (L, ) 
i 
Is (K) 
Figure 3.14. Electronic interaction of core orbitals with x-rays. ep = Photoelectron; ea = Auger electron. 
XPS and AES are generally carried out under UHV conditions for similar reasons that 
affects the SIMS process. There is a slight difference in that a standard XPS 
acquisition requires 2000 s, a factor of 5 greater than that required for SIMS. However 
this is offset by the greater sampling depth of XPS, and its lower sensitivity which 
mean that a vacuum of 10-9 Torr is a sufficient operating condition. 
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3.3.2 Analysis Depth and Depth Profiling 
Although the X-ray beam employed is capable of penetrating most solids effectively, 
the escape depth of the detected electron dictates the analysis depth of the technique. 
The standard way of expressing this depth is in terms of the inelastic mean free path, a,, 
of the electron. As a rough guide, this value varies proportionally to E0'5, E being the 
kinetic energy of the electron. 
The intensity of the signal received is dependent on k, the expression being in the form 
of the Beer-Lambert equation. 
I= I0 .e 
(-aia, sin0) (3.11) 
I= Intensity of electrons emitted from depth d. 
Io = Intensity of electrons from an infinitely thick clean substrate 
0= Electron take-off angle (TOA) relative to the sample surface 
The application of this equation means that, for electrons radiated at 90° to the sample 
surface, 65% of the electron signal emerges from within X of the surface, 85% from 
22 
, and 
95% from 3X. A typical value of k from a solid surface is 2-4 nm. From the 
above equation it can be seen that the intensity of electrons emitted from a depth d of 
the surface varies with the TOA of the electron. Therefore, by altering the incident 
angle of the X-ray beam, the surface specificity can be tuned to produce a depth 
profile. It has been stated that 95% of the signal is due to atoms within 3? of the 
sample surface for electrons that are ejected at 90°. If the sample is tilted so that the 
target is at an angle of 15° to the exciting radiation, then 95% of the electrons emitted 
have been radiated from a depth of Asin15 or 0.8X. This value of ýX is of a similar 
surface specificity as that of SIMS. 
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3.3.3 Instrumentation 
The requirements of instrumentation for an XPS spectrometer include an X-ray source, 
generated by electron bombardment of a metallic anode, resulting in the emission of an 
achromatic X-ray beam, whose energy line is characteristic of the metal anode. The 
beam produced then passes through an aperture which results in the sample surface 
being illuminated with an X-ray beam with dimensions of approximately 1 mm2. The 
Auger and photoelectrons produced must then be energy resolved if their elemental 
origin is to be determined, achieved by the use of a hemispherical analyser. The 
principle of resolving electron energy is similar to that of the Poschenrieder energy 
compensator used in SIMS, although in this instance the electrons are not resolved in 
terms of time taken to traverse space, but the retarding voltage applied to the 
cylindrical hemispherical analyser (CHA) is instead ramped across a selected range, 
allowing passage of electrons of a certain energy to reach the detector. Three 
channeltrons are used to detect the electrons arriving at the exit slit of the 
hemispherical analyser, and the intensities recorded are summed after the experiment is 
concluded. 
3.3.3.1 X-Ray Source 
The X-ray beam is generated by bombarding a metal anode with electrons emitted from 
a hot tungsten filament. The method used produces soft X-rays with energies of a few 
kiloelectronvolts. The most popular target materials are aluminium, producing a 
photon beam with an energy of 1486.6 eV due to Al Ka emission, and magnesium, 
producing a Mg Ka beam with an energy of 1253.6 eV. The greater energy of the 
photons from the aluminium anode results in a slightly increased sampling depth when 
the analyte is irradiated using these X-rays. The anode used is bombarded by electrons 
from the UHV side of the spectrometer, and externally cooled by means of water 
flowing across the external surface of the anode. The X-rays produced are allowed to 
escape through an aluminium window positioned in the path of the analysis chamber of 
the spectrometer, with the remainder of the source carefully shrouded to the passage of 
stray X-ray photons. The aluminium window is required not only to reduce the 
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possibility of contamination, but also to prevent electrons produced in the source from 
entering the analysis chamber and causing further X-ray emission from the chamber 
walls or degrading the sample surface during analysis. The X-ray beam produced may 
also monochromated by exploiting the Bragg equation, practically achieved by using a 
quartz crystal to diffract the beam, thus removing spurious X-ray lines and 
Brehmstrahlung produced by the anode source. 
3.3.3.2 Electron Energy Analysers 
There are two types of analyser commonly used to resolve electron energy for XPS 
instruments, denoted the cylindrical mirror analyser (CMA) and the concentric 
hemispherical analyser (CHA). The principle of energy separation of electrons for both 
types of analyser is not that different to the Poschenrieder energy compensator design 
used in SIMS. Each type consists of an entrance slit, and subjects the electrons to a 
curved trajectory through the analyser to the exit slit. A potential is applied to the 
surfaces of the arc of the analyser, and only electrons of a particular energy may pass 
through the exit slit. In the case of the CMA, the inner arc is set at ground potential 
and the outer cylinder is set at a negative potential, varied to allow the electrons of the 
desired energy through the exit. The CHA utilises a hemispherical arc, with the inner 
cylinder subjected to a positive potential, and the surface of the outer arc is at a 
negative potential. 
3.3.3.3 XPS Detector 
The detector used for an XPS instrument is the standard single channeltron, employing 
high electron gain prior to signal amplification. Many instruments use a number of 
channeltrons, where the signal is summed subsequent to electronic amplification and 
after the experiment is completed. 
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3.3.4 Features of the XPS Spectrum 
3.3.4.1 Binding Energy 
In order to cause electron emission from an atom, the energy of the incident photon 
must exceed the binding energy of the electron. All elements except hydrogen can be 
detected using MgKa or AlKa radiation, with binding energies generally falling 
between 2 and 1000 eV. The binding energy of an electron in a particular shell will 
gradually increase with atomic number. As atomic number increases, the outer shells 
are filled, leading to electrons present in the atom still with a binding energy in the 
range of 20-1000 eV. For organic systems, we are mainly concerned with only three 
elements: C, N, and 0. Due to the increase in electronic charge of the nucleus, the 
binding energy of electrons in the is shell is 285,399, and 532 eV respectively, giving 
a separation of at least 100 eV between the relevant peaks. 
3.3.4.2 The Chemical Shift 
XPS yields useful chemical state information about an element present in the spectrum. 
For organic spectra this is most notably observed in the C1s envelope. A slight shift in 
binding energy of between <1 and ý6 eV is observed for a carbon atom bonded to a 
heteroatom. This effect is known as the chemical shift, and it is the electron withdrawal 
power of the heteroatom that affects the magnitude of the shift. A carbon atom in a 
C-c or C-H environment will appear at X285 eV whereas a C--OH moiety will be 
shifted to 286.5 eV. A carbon atom that is present as O-C--O or C=O will be 
shifted further to the high energy binding side of the C1s envelope. This shift arises 
because the valence electrons are shared somewhat unequally between the carbon and 
more electronegative oxygen atom, and this has a slight effect on the core electron 
orbitals. This effect can show the ratio of carbon atoms in the different environments 
possible in organic molecules. In real systems though, the peak is often a combination 
of a number of different functional groups that cannot be fully resolved, and the 
spectroscopist must be content with a general idea of the carbon functional groups 
present. 
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3.3.4.3 Shake-up and Shake-off Satellites 
A shake-up satellite is observed when the electron from the core orbital excites a 
valence electron into a higher orbital as it is emitted. This interaction results in a 
transfer of energy from the radiated electron to the excited valence electron and the 
emitted core electron appears in the spectrum at a higher binding energy because it 
possesses less kinetic energy. This feature is seen in spectra of aromatic materials 
where an electron in the it molecular bonding orbital is excited to a 7t* anti-bonding 
orbital. The peak is a broad band found at around 6-7 eV higher binding energy than 
the C-C/C-H signal, having an intensity of 10% of the C1s envelope due to the 
aromatic molecule. Thus, it is relatively simple to discount the presence of aromatic 
carbon atoms if a shake-up satellite does not appear in the spectrum. 
Instead of promotion to an anti-bonding orbital, the valence electron may be ejected 
from the molecule altogether, resulting in a shake-off satellite. This process results in a 
broadening of the high binding energy side of the peak involved or as an increase in the 
inelastic background. 
3.3.4.4 Sample Charging 
The XPS technique relies on the ejection of electrons from the sample, and so in order 
to prevent the surface charging to a varying potential during the experiment the sample 
is earthed. This does not pose a problem for conducting samples, but obviously 
insulating ones will have a problem dissipating the charge build-up. This effect is 
counteracted for XPS using a monochromated X-ray beam, by a low energy electron 
flood gun (10 eV), as it is with ToF-SIMS. Another effect this charging has on the 
spectrum is to shift the spectrum further to the high binding energy side. The positively 
charged surface has the effect of retarding escaping electrons and so reduces their 
kinetic energy. This may at first seem a disastrous consequence to the interpretation of 
the spectrum, but in reality all peaks are shifted by the same potential (usually 'ý-'4 eV) 
and the integrity of the relative chemical shifts in the peak envelopes are preserved. 
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3.3.5 Summary 
XPS has proven itself to be a reliable method for surface analysis over the past thirty 
years, and quantification routines are well established and usually available in data 
analysis software that accompanies the instrument hardware. Where the analysis of 
polymers is concerned, a major problem that is sometimes encountered is that of 
sample degradation. X-ray irradiation of the sample can degrade the surface because of 
the long analysis times required (30-60 minutes). This can result in elemental peak 
changing shape during the analysis period leading to erroneous conclusions about the 
sample surface. Fortunately, this is rarely observed, and the relative ease of sample 
preparation results in XPS being a convenient and useful method to analyse the surface 
of polymer samples. A great advantage of XPS of polymer materials is the ability to 
identify the chemical environment of carbon atoms (Section 3.3.4.2) and their relative 
proportions, and the amount of aromatic material present within the surface (Section 
3.3.4.3). This capacity results in the combination of XPS and ToF-SIMS being ideal 
complementary techniques to analyse polymer surfaces. 
3.4 Inverse Gas Chromatography (IGC) 
When a gas molecule flows over a surface, it may be retained or adsorbed for a finite 
time on the surface under study. Chromatographic techniques rely on the use of a 
column of known diameter and length, to distinguish the time taken for different 
molecules to pass through the column, usually packed with a material suitable to effect 
a notable difference in the time spent in the column. The length of time that the 
molecule spends in the column is dependent on the interaction between the adsorbate 
molecule (gas) and the substrate (solid or liquid surface). The retention time thus 
reflects the strength of the solid-gas interaction. The interaction may be of a dispersive 
nature (e. g. London forces) or of a polar nature (e. g. hydrogen bonding). Therefore if 
a non-polar molecule (e. g. CH4) and a polar molecule (e. g. H2O) are passed over a 
polar (e. g. A1203) surface, the H2O molecule will be adsorbed for a greater length of 
time than the CH4 molecule. The size of the molecule also has a bearing on the 
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retention time, so that a CZH6 molecule will always be retained for a greater length of 
time than a CH4 molecule, despite being subjected to the same chemical interactions. 
As a result of this a series of CH,, homologues are usually injected into the column. 
The retention volume (Section 3.4.1) is then plotted against the number of carbon 
atoms, and the gradient obtained is a measure of the interaction between the substrate 
and a methylene group. Thereby we have a method of i) separating a mixture of 
molecules and ii) measuring relative interactions between adsorbate molecules and 
substrate materials. In conventional chromatography, constituents of a mixture are 
separated into individual components by passing the mixture through a column packed 
with a solid. For efficient separation, the nature of all the constituents must be known, 
so that a column packed with a suitable substrate that will adsorb each constituent to a 
varying degree can be chosen. The time taken for an individual component to be eluted 
from the packed column is known as its retention time. 
In IGC the term "inverse" means that the stationary phase of the chromatographic 
column is of interest in contrast to conventional GC. Instead of separating constituents 
present in a heterogeneous mixture, molecular probes of known physico-chemical 
properties are injected into a column packed with the material of interest. The probes 
are passed through the column in an inert carrier gas such as He or N2, at such a low 
concentration that they behave independently of each other. This is known as "infinite 
dilution". This approach permits the characterisation of the surface or bulk properties 
of the packing material under test. 
3.4.1 Retention Volume at Infinite Dilution 
The volume of carrier gas required to sweep out an adsorbed species is the net 
retention volume, VN. 
VN =j. Fc . tN 
(3.12) 
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VN = Net Retention Volume /cm3 min-' 
j= Compression Factor 
Fc = Corrected Flow Rate 
tN = Net Retention Time 
The value of VN will therefore be large for a strongly adsorbed species. 
3.4.2 Free Energy of Adsorption of n-alkanes 
For dispersive interactions, the work of adhesion, W,, is related to the geometric mean 
of the dispersive component of free energy of the gaseous molecule, yld, and the 
surface, Y2 d' it is interacting with in the following manner: 
Wa-24(Y1d"Y2d) (3.13) 
In these circumstances Wa is related to the free energy of adsorption, AGa, by the 
equation: 
Wa= -AG/NA. a (3.14) 
NA = Avogadro's number 
a= area of interaction (e. g. for CH2, a=6 A2) 
For a given probe, the free energy of adsorption may be found by utilisation of the 
equation: 
-AG., =RT. 1nVN+C=Wa. NA. a 
(3.15) 
AGa = free energy of adsorption /kJmol-' 
R= gas constant /kJmol-' 
C= constant 
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and: 
RT. 1nVN+C=2ý(ysa. yid) . NA. a 
(3.16) 
ysd = dispersive free energy of the surface /mJ m-2 
yid = dispersive free energy of species i /mJ m"2 
The constant C is a term that takes the weight and specific surface area of the 
stationary phase, and the standard state of the probes in the gaseous and adsorbed state 
into account. 
If species i is a methylene group, then: 
AGa(CH2) / [NA. a(CH2)] = 2'(ysd . Y(CH2)) (3.17) 
ysd = [AG(CH2) / NA . a(CH2)]2 
/ 4y(CH2) (3.18) 
a(CH2) = cross sectional area of an adsorbed CH2 group (6 A) 
y(CH2) = surface free energy of a solid containing only methylene groups (such as 
polyethylene) 
= 36.8 - 0.058T(°C) / mJ m-2 
If a graph of RTlnVN of a series of n-alkane homologues is plotted as a function of the 
number of CH2 units, the gradient obtained' 12 is then a measure of the free energy of 
adsorption of a methylene group, -AGa(CH2), and therefore a measure of the 
dispersive component of the free energy of the surface, ysa 
The heat of adsorption may also be estimated by this method if the retention volumes 
of the n-alkane homologues for at least two different temperatures are known. 
-AH, = d(R. 1nVN) / d(1/T) (3.19) 
AH,, = heat of adsorption /kJmol-' 
T= temperature /K 
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A similar approach may be applied to the Lewis acid-base contribution to the enthalpy 
of adsorption, -AHa'. This assumes that -AHa' is responsible for the increase in the 
attractive forces between solid and adsorbate (i. e. the enthalpy of adsorption) 
compared with the attractive forces that the probe molecules have for each other in the 
liquid phase. This assumption is reasonable if the attraction is small compared to the 
enthalpy of adsorption. 
-L a' = -AH, - 
AHvapd (3.22) 
AHa'B= acid-base component of AHa 
AHap' = dispersive contribution to the heat of vaporisation 
A branched alkane also deviates from the reference n-alkane line, due to steric 
hindrance. The value for an isooctane molecule due to this factor is given by AC8. 
AC8 = RT. ln(VN(i-Cg) / VN, ref) (3.23) 
The heat of adsorption of a probe molecule may also be calculated using the above 
equation by plotting the values of R. ln(VN) vs. 1/T, the gradient being -AHa. 
3.4.4 Acid-Base Constants 
There a number of acid-base constants that can be derived from net retention volume 
values. The approaches of the following workers are discussed below. 
i) Schreiber's donor (DNrJpS) and acceptor (ANHYS) numbers 
ii) Saint-Flour and Papirer 
iii) Drago's E and C parameters 
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i) In the case of the H. P. Schreiber donor (DNps) and acceptor (ANHp5) numbers"', 
the donor number, DNHYS, is calculated from the net retention volumes of a Lewis acid, 
and the acceptor number, ANHPS, from the equivalent values of a Lewis base in the 
following manner: 
DNHpS = VN(acid) / VN, ref (3.24) 
ANHpg = VN(base) / VN, ref (3.25) 
An overall acid-base constant was defined by: 
K= DNHps - ANHps (3.26) 
K is positive for predominantly basic materials and negative for acidic species. 
ii) Saint-Flour and Papirer' 14 used the heat of adsorption, AH,, and the established 
Gutmann's donor numbers to calculate acid and base constants for the material under 
analysis. 
-AHaý = KA . DN + KD . AN* 
(3.27) 
DN and AN* are Gutmann's donor and acceptor numbers"' respectively, for the 
probe concerned. KA and KD are the acceptor (acidic) and donor (basic) constants, 
respectively, for the analyte. 
A plot of -AH, 
lB / AN* vs. DN / AN* yields KA (gradient) and KD (intercept). 
iii) Drago's E and C parameters48 provide a method of measuring the tendency of an 
acid (A) or a base (B) to form electrostatic (E) or covalent (C) bonds. 
-OH, 
AB=EA. EB+CA . CB (3.28) 
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The E and C constants remain difficult to determine by IGC. In addition to this, if the 
solid surface is amphoteric it is necessary to determine both (EA, CA) and (EB, CB) to 
account for the acidity and basicity of the surface under investigation' 17 This proves to 
be difficult undertaking, and the two sets of constants are rarely reported for one single 
material. 
3.4.5 Summary 
IGC is capable of probing the relative acidity and basicity of the surfaces of materials, 
as well as giving information on the free energy of adsorption and the enthalpy of 
adsorption of selected probe molecules. Other advantages of the technique is that a 
characterisation is relatively rapid and the hardware required is inexpensive. The range 
of information that can be obtained from the convenient method of IGC with probes 
used at infinite dilution is impressive. One drawback is that, for probes that interact 
strongly with the surface, the retention time is very large, and the probe molecules are 
not eluted at moderate temperatures. Also, for probes that do not interact with the 
surface, the probes are often not separated from the marker probe (usually methane). 
This can usually be overcome by reducing the flow rate of the carrier gas, more of an 
inconvenience than a major problem. 
3.5 Dynamic Contact Angle Analysis (DCAA) 
Dynamic Contact Angle Analysis is a technique that probes the surface 
thermodynamics of a solid solution, by measuring the contact angle made between the 
solid and of certain probe liquids known properties. 
3.5.1 Wetting 
The ability of a liquid to spread over a surface is described by Young's equation (1805) 
of wetting. 
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7sv - 'YSL = YLV COS6 (3.29) 
Where :- 
ysv = Surface free energy of the solid-vapour interface 
ysL = Surface free energy of the solid-liquid interface 
YLV = Surface free energy of the liquid-vapour interface 
8= Contact angle 
The surface free energy of the liquid-solid interface can be calculated by measuring the 
contact angle of a single drop of liquid, referred to as a sessile drop, on the solid if the 
surface free energies of the solid-gas and liquid-gas interfaces are known. 
Figure 3.15. Three phase boundary involving a droplet on a solid surface in an atmosphere saturated 
with the vapour of the liquid. 
If 0 is >90°, then wetting cannot occur, and when 0=0 it is spontaneous. The work of 
adhesion WA, which corresponds to the attraction between two materials at a 
molecular level, can be determined by the Young-Dupre equation. 
WA = Ysv + YLV - YSL (3.30) 
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The mechanisms involved in such an interaction include hydrogen bonding, dipolar 
forces, and van der Waals attractions; dipolar interactions increase with the relative 
polar moments of the constituents of the interface, and van der Waals forces are a 
result of electron density and polarisability of the atoms in contact. 
The total surface free energy of a material, y, has previously been described by 
Fowkes118, usually simplified to a summation of its dispersive and polar constituents, 
and yp, respectively. 
Y=Y, +Y, (3.31) 
The dispersive components to the interfacial energy that exists between two materials 
was then approximated by Fowkes to their geometric mean. Later, Kaeble"9 
incorporated the polar component of the surface energy to produce an equation 
representing the total surface free energy of the interface of two materials. 
Y12 -'Y1 +'Y2 - 2(y, 
D 
. Y2 
D)1/2 
- 2(yip . Y2p)1/2 
(3.32) 
y12 = Total surface free energy between materials 1 and 2 
y, = Total surface free energy of material 1 
71D = Dispersive component of surface free energy of material 1 
yip = Polar component of surface free energy of material 1 
Equation (3.32) can now be substituted into Young's expression (Equation (3.29)) 
allowing the elimination of the term y12, and this enables the determination of the polar 
and dispersive contributions to the total surface energy, provided these terms are 
known for the second component in the system. 
1+ cosh = 2(y, D Y2 D)1/2 + 2(y, P . Y2P)1/2 
(3.33) 
Y2 Y2 
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Therefore if the relevant properties are known for a range of probe liquids, i. e. y2D and 
y2P, this allows the estimation of y, P and y, D. The surface free energy (generically 
known as the surface tension, YSL, or here, Y2) has been determined for a range of 
highly dispersive liquids, e. g. 1-bromonaphthalene, methylene iodide, and highly polar 
substances, e. g. water, glycerol. Calculation of y, P and y, D is therefore possible by 
solving the resulting simultaneous equations. 
It is clear that it would prove virtually impossible to measure the contact angle of a 
carbon fibre, possessing a diameter of approximately 6 µm by the use of a sessile drop. 
Fortunately, this is possible by the gravimetric technique of dynamic contact angle 
analysis (DCAA). The characterising liquid is slowly raised to come into contact with 
the solid, which is suspended on a microbalance. The advancing solvent front on the 
fibre surface causes a change in weight which is measured by the microbalance. This is 
known as the Wilhemy plate technique and has been described by Chang et al120 
cos9 = Mg (3.34) 
P YLV 
P= Perimeter of the fibre 
g= Gravitational constant 
M= Mass (experimental reading from microbalance) 
This method can give a measure of polar and surface energies of the fibre by using 
liquids of varying polar properties. This is a similar process to the approach used in 
IGC, in the way that both use probe molecules to measure the surface free energy of 
the solid in question; however, the information obtained differs greatly. This is 
because, with IGC, when the infinite dilution method is applied to characterising the 
surface of a solid, it is the sites which interact most effectively with the probe that have 
the greatest influence on the interaction observed. When using the DCAA technique, 
the surface is immersed in the probe liquid, leading to virtually the total surface area 
having a bearing on the value for surface energy obtained. Thus we can expect the 
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results from a DCAA experiment to yield a lower value in both polar and dispersive 
contributions to surface free energy. 
3.5.2 The Wilhelmy Plate Method 
If the unknown solid is suspended on a microbalance, and the wetting medium slowly 
raised from a point below the sample, a change in weight is observed by the balance 
when contact occurs. This change in weight is related to the pull of the free surface 
energy on the sample, and the buoyancy associated with the solid immersed in the 
liquid, as illustrated below. 
When the plate of thickness t, width w, and height h, is suspended above the surface of 
the liquid, the force reading on the microbalance is simply the effect of gravity on the 
mass of the plate, mg. As the plate contacts the liquid the surface tension pulls the 
plate downwards, and this registered as a downward force on the microbalance. 
In this scenario: 
F= mg + PyLVCOSe (3.35) 
Once the plate is part-immersed there is a buoyancy effect that must be taken into 
account. Here, the equation is simply modified to: 
F: -- mg + PYLVCOSO - Fb (3.36) 
Fb = Upward force due to buoyancy 
P= Perimeter of the plate 
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and: 
Fb = pgAh 
p= Density of liquid 
g= Acceleration due to gravity 
A= Cross sectional area of sample 
h= Depth of immersion 
F yN 
ýh 
tW 
F 
Figure 3.16. Theory of the Wilhelmy Plate technique. See text. 
(3.37) 
As the solid is immersed to a greater depth into the liquid, the force experienced 
decreases due to the effect of buoyancy. Modern DCAA machines possess software 
that dispel the requirement for a buoyancy correction. This is achieved by performing a 
least squares analysis on the advancing or receding force measurements and the data is 
extrapolated back to the point of "zero depth of immersion" (ZDOI). This can be 
observed in Figure 3.17, which illustrates a plot of a clean glass slide in water. The 
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water makes a very low contact angle with the glass slide, and is equivalent to 
complete wetting. There is virtually no hysteresis observed, which would be seen as a 
difference between the advancing and receding curve in the force reading of the y-axis. 
The lower trace shows the force due to the slide advancing into the liquid, and the 
upper trace that due to the fibre receding out of the liquid to its point of origin. As the 
slide advances into the water, the force reading is reduced, because of the effect of 
buoyancy. This effect is compensated for by the software available with the DCAA, 
which extrapolates the force reading back to the zero depth of immersion, zdoi, and 
displays the calculated contact angle on the spectrum. 
400 . 0-r.. 
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receding 
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300.0- - 1.3ex 
F 
0 
r 200.0-, 
O 
SOO. 0- 
o. o= 
0 
5 10 15 
20 
Po. ttion (-) 
Figure 3.17. DCAA spectrum of a clean glass slide in water 
If the liquid makes a contact angle of 0° with the solid and complete wetting occurs, 
then the surface free energy of the liquid, commonly called the surface tension, may be 
calculated. Alternatively if a liquid of known surface tension is used, the contact angle 
can be measured. In practice, a range of liquids are used, possessing either high 
dispersive character or high polarity, and the surface energy of the solid is calculated 
using the geometric mean method described earlier. This method provides a much 
more accurate method of measuring contact angle than a direct measurement of a 
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droplet on a surface, a procedure that is impractical on cylinders of small dimension 
such as carbon fibres. 
For samples such as carbon fibres, it also provides a useful method of measuring the 
perimeter of the fibre. As before, complete wetting of the sample must be ensured, and 
a liquid of known surface energy must be employed. For the above reasons, 
hexadecane (y = 25.5 mJ M-2) or cyclohexane (y = 27.6 mJ M-2 ) are often chosen 
because complete wetting is usually achieved due to their low surface free energy. 
The following chapter uses the techniques described above to characterise AKZO 
Tenax HTA carbon fibres in terms of surface chemical structure, elemental 
composition, surface free energy, and acido-basic characteristics. This is performed on 
fibres that have received oxidation treatments of 0,25,50,100, and 200 W min g' 
(also referred to as % treatment, or degree of fibre treatment (DFT)) and reflects their 
expected affinity for molecules such as epoxy resins that are present in carbon fibre 
composite materials. This adsorption characteristics of such molecules are examined in 
detail in Chapter 5. 
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Chapter 4 
Surface Characterisation of Carbon Fibres 
The carbon fibres employed in this study were characterised by a number of 
techniques, as discussed in Chapter 3. The instrumental methods used were chosen in 
order to give a detailed picture of the properties of the fibre surface, in terms of its 
propensity to adsorb and react with chemical moieties at the molecular level. XPS 
spectra yield elemental analysis of the fibre surface and more subtle information can be 
gleaned from a careful inspection of the Cls envelope. ToF-SIMS reveals structural 
information showing the graphite nature of the fibre in Section 4.2. IGC is capable of 
probing the high energy sites on the fibre surface using probe molecules at infinite 
dilution, whereas DCAA provides information of the interaction of various liquids with 
the fibre surface. Section 4.5 correlates the data obtained from the various techniques 
to give an overview of the structure, composition, and acid-base characteristics of the 
fibre surface after various oxidation treatments. 
4.1 XPS of Carbon Fibres 
4.1.1 Instrumentation 
The system used for all XPS analysis was a VG ESCALAB MkII spectrometer 
interfaced to a PDP11/53 mini computer utilising DEC p. RSX software. The X-ray 
source of the machine is a dual anode capable of emitting Al or Mg radiation. Al Ka 
with an energy of 1486.6 eV was used in all analyses, at a power of 340 W (10 kV at 
34 mA). The detector used is a triple channeltron, optimised by setting the high voltage 
to register the maximum number of photoelectrons from a copper stub, also used for 
calibration purposes. 
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4.1.2 Sample Preparation 
The fibre tow is introduced into the spectrometer by means of a modified stub, 
illustrated in Figure 4.1. Two tows of 30 mm are placed along the stub in between the 
sets of protruding threaded shafts, with the plates clamping the tows to the stub, by 
tightening nuts on the threaded shafts. 
Figure 4.1. Photograph of stub and fibre tow used for XPS analysis 
4.1.3 Sample Alignment 
The fibres were positioned in the beam path by aligning the stub using a camera 
system attached to one of the ports of the analysis chamber of the spectrometer. All 
fibre samples were analysed at an angle of 45° to the X-ray beam, kept constant due to 
the effect incident angle has on analysis depth. The fibre orientation was along the 
major axis (from left to right) of the system. 
4.1.4 Instrumental Settings 
Survey scans were acquired with a pass energy of 50 eV, and the high resolution 
spectra with a pass energy of 20 eV, with the time per channel always set at 200 ms. 
The number of scans varied, depending on the intensity of the peak analysed. The 
survey scans were analysed with a channel width of 1.00 eV, and the elemental scans 
with a channel width of 0.10 eV. 
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Wagner sensitivity factors were used for the quantification procedures, and, for the C 
1s envelope, a Shirley type background was subtracted prior to quantification, because 
of the step-up in the background at binding energies greater that the energy 
characteristic of the C1s envelope at 284.6 eV. The instrument was operated with an 
analyser chamber pressure of 10-9 mbar or less and spectra were acquired over a period 
of approximately 2700 s (45 min). 
4.1.5 XPS Analysis of Carbon Fibres 
XPS proves a reliable technique for quantifying the relative atomic concentration of 
elements present on the fibre surface. Peak fitting of the C1s envelope was not 
thought to be applicable in this instance, because of the complexity of the peak. This 
arises because the carbon atoms are in a number of different environments, resulting in 
overlapping peaks. However, it is possible to determine whether there is an aromatic 
contribution to the peak by the presence of a it -> it* shake-up satellite. It is also 
possible to gain an idea of the effect of electrochemical oxidation on the fibre, which 
shows a clear change in the shape of the C1s envelope, with an increase in the high 
binding energy side, indicating that a proportion of the carbon atoms in the peak are 
bound to an element of higher electronegativity, such as nitrogen or oxygen. This is 
also reaffirmed by the large increase in 01s signal observed, indicating the expected 
introduction of functionalities such as carbonyl, carboxyl, hydroxyl, and/or phenyl 
groups. The complexity of the peak shape makes it unrealistic to assign relative 
contributions from these groups. 
Figure 4.2 shows survey spectra of 0,25, and 100% treated fibres. It can be seen that 
the survey spectra from these samples are straightforward. The only significant peaks 
observed are CIs at 285 eV, N1s at 401 eV, and 01s at 533 eV. The peak present at 
-970 eV is the 0 KLL X-ray induced Auger peak. Qualitatively, the electrochemical 
treatment introduces a substantial amount of oxygen, observed by the increase in signal 
of the O1s peak at 533 eV for both fibres exposed to treatment. 
The contribution from 
the N1s peak at 399 eV appears to be increasing with treatment, but a more careful 
inspection reveals it to be a non-uniform low contribution of about 3±2% for all 
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treatment levels. Previous workers have assigned the nitrogen in untreated fibres to be 
present in the form of protonated amine groups, capable of bonding to epoxy 
functional groups, whereas the state of nitrogen in the oxidised type A (high strain) 
fibres is thought to be in a less reactive form121. It is possible that the atomic 
concentration of nitrogen decreases slightly as the fibres are treated, but then increases 
as nitrogen is exposed from within the fibre. It is generally accepted that there is a 
small amount of nitrogen present within the fibre structure due to the incomplete 
carbonisation of the PAN precursor (Section 2.2). It can be concluded that the 
elemental constituents of the surface of carbon fibres consist of carbon, oxygen, and 
nitrogen, with trace components of sodium, calcium, and chlorine. 
Figure 4.3 shows the C1s envelope of a treated and an untreated fibre. A step like 
background is observed due to a proportion of the signal emanating from carbon atoms 
below the surface of the fibre. Photoelectrons are inelastically scattered as they 
traverse the subsurface between their origin as free electrons from carbon atoms within 
the fibre subsurface and the vacuum above the sample surface. The clear increase in the 
shoulder on the higher binding energy indicates an increase in the presence of a species 
of carbon bound to an electronegative species such as oxygen. The contribution from 
the it -* it* transition may be observed in both types of fibre at a binding energy of 
X291 eV, with a binding energy of 6-7 eV greater than the C-C / C-H peak at 284.6 
eV. It is also apparent from the treated fibre that there is a significant increase in the 
percentage of carbon atoms present bonded to oxygen. This is inferred as the C1s 
peak becomes broader, with an increase in the contribution from the ratio of carbon 
atoms yielding electrons with slightly greater binding energy. 
The 01s signal for an unoxidised and 100% treated fibre is shown in Figure 4.4. There 
is no detectable change after electrochemical treatment in the peak shape observed, 
despite the increase in relative intensity (Tables 4.1,4.2, and 4.3). This indicates that 
the oxygen introduced into the fibre surface exists in the same chemical state as the 
oxygen present prior to electrochemical oxidation or that the resolution of the 
instrument is incapable of discerning the subtle changes in the energy states of 
photoelectrons in oxygen atoms present in the graphite fibres. 
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Figure 4.5. N is peak of (a) 0% and (b) 100% oxidised carbon fibres. 
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It is clearly obvious that the attraction of a carbon atom adjacent to an oxygen atom 
on a core electron of the oxygen atom will have a lesser effect than the reverse 
scenario, because of the relative electron withdrawing abilities of the elements 
concerned. Therefore we can expect a smaller shift in the binding energy for the 
environmental effects on oxygen core electrons than for electrons in the core orbitals 
of carbon atoms, and a need for greater energy resolution of the technique. It appears 
that from results here and in the literature 122'123 that the fine structure within the 01s 
envelope is too convoluted to provide useful information in the determination of 
chemical state, without careful data manipulation and use of derivative spectra, or a 
monochromatic X-ray source. 
Also shown are the N1s photoelectron peaks for untreated and 100% treated fibres, in 
Figure 4.5. In this instance there is virtually no change in the observed chemical state 
of nitrogen in the fibre surface and sub-surface, contrary to the findings of other 
workers121. It remains unclear as to whether there is a real change observed in the N1s 
binding energy for electrochemical treatments of carbon fibres. Possibilities include: 
a) The removal of a weakly bound layer of material left on the surface after 
graphitisation, revealing a surface layer containing nitrogen in a subtly different 
chemical environment. This would lead to a difference observed in all XPS spectra of 
oxidised and unoxidised fibres. 
b) A real contrast observed for oxidation involving different types of electrolytic 
oxidation. This could involve chemical reaction with nitrogen functional groups on the 
surface with some electrolytes but not others. 
c) A discrepancy between nitrogen-free and nitrogen containing electrolytes. If this 
was observed for electrolytes such as ammonium bicarbonate, it could be taken as an 
indication of the introduction of a nitrogen containing species from solution, although 
the possibilities referred to earlier cannot be ruled out. 
Much of the confusion and speculation about the chemical state of nitrogen has arisen 
due to the proprietary nature of commercial electrochemical processes. Xie and 
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Sherwood124 reported the effect that oxygen and nitrogen plasma treatment had on the 
N1s peak obtained from a high strength carbon fibre. It was found that treatment in a 
nitrogen plasma led to an increase in the signal of the most reduced nitrogen species 
that was originally present on the untreated fibre. If introduction of nitrogen containing 
species were occurring during electrochemical treatment, then an increase in the total 
nitrogen signal would be observed for nitrogen containing electrolytes. However, 
subtle shifts in the N1s envelope may also be expected following the introduction of 
oxygen at carbon atoms existing in structures conjugated with nitrogen atoms present 
in the fibre sub-surface. 
Ir 
4.1.6 Atomic Composition of the Surface of Carbon Fibres 
Atomic concentrations of elements present in 0%, 25%, and 100% carbon fibres 
detected by XPS are presented in Tables 4.1,4.2, and 4.3. The quantification 
procedure was performed using the VGS 5000S datasystem and Wagner sensitivity 
factors present on the data system which draws a base line from points manually 
chosen from either side of the appropriate peak. A Shirley background was employed 
to quantify the C1s peak, required because of the step-up of the base-line that occurs 
on the higher binding energy side of the C1s peak as a result of inelastic scattering of 
electrons emanating from carbon atoms from relatively deep positions in the fibre. 
Linear backgrounds were used to quantify all other peaks because of the absence of a 
similar step-up feature occurring in the background. 
It can be seen from Tables 4.1,4.2, and 4.3 that there is a steady increase in oxygen 
content with the extent of electrochemical oxidation. It can also be concluded that 
there is significant variation in chemical composition along the tow. Each sample is 
separated from the next along the tow by an average of 0.5 m. The fibres were not 
treated prior to analysis, and it is reasonable to assume that there is a significant 
amount of atmospheric moisture41'a6 adsorbed on the fibre surface. The extent of 
moisture adsorption is likely to be strongly dependent on the porosity and the chemical 
nature of the surface. This is thought to vary considerably along the tow, because the 
fibre surface is believed to be heterogeneous. (This assumption is supported by the 
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DCAA data of water on CFs, in Section 4.4). The dimensions of this heterogeneity will 
have a strong bearing on the standard deviation of elemental concentration observed 
from one analysis to another. The analysis area in a standard XPS experiment 
conducted on a VG ESCALAB system is of the order of 2 mm by 5 mm, defined by 
the virtual image of the electron optics. This means that if asperities are tiny and 
randomly dispersed across the fibre surface, then virtually no difference in the 
elemental composition would be observed by XPS. However, the increase in oxygen 
content for 100% treated fibres is just beyond the error limits of one standard deviation 
of the 25% treated fibre, and a significant increase in oxygen content is observed in 
comparison to untreated fibres. 
100% Treated Carbon Fibres 
Sample CIs Ols Nls Cl 2p Na is Ca 2p 
1 82.70 12.38 2.99 0.11 1.00 0.82 
2 77.01 15.71 5.18 0.17 1.30 0.62 
3 81.64 11.99 4.00 0.25 1.42 0.70 
4 80.65 13.39 4.04 0.16 1.13 0.64 
5 73.65 19.11 5.40 0.84 0.05 0.95 
Mean 79.13 14.52 4.33 0.31 0.98 0.75 
Variability (6r, ) 3.34 2.64 0.88 0.27 0.49 0.12 
Table 4.1. Atomic [%] composition of 100% treated carbon fibres by XPS. 
25% Treated Carbon Fibres 
Sample CIs Ols Nls Cl 2p Na is Ca 2p 
1 86.16 9.38 2.74 0.36 0.82 0.56 
2 80.38 14.40 3.21 0.21 1.34 0.47 
3 85.40 10.04 3.18 0.18 0.80 0.40 
4 83.84 11.87 2.92 0.09 0.79 0.50 
5 84.63 10.05 3.81 0.27 0.76 0.48 
Mean 84.08 11.15 3.17 0.22 0.90 0.48 
Variability (6,, ) 2.01 1.83 0.36 0.09 0.22 0.05 
Table 4.2. Atomic [%] composition of 25% treated carbon fibres by XPS. 
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0% Treated Carbon Fibres 
Sample CIs Ols Nls Cl 2p Na is Ca 2p 
1 92.95 4.03 2.82 - 0.20 - 
2 93.59 3.71 2.53 - 0.17 - 
3 91.64 5.42 2.64 - 0.30 - 
4 92.56 5.09 2.23 - 0.12 - 
5 87.24 8.93 3.40 - 0.44 - 
Mean 91.60 5.44 2.72 - 0.25 - 
Variability (ßn) 2.27 1.86 0.39 - 0.11 - 
Table 4.3. Atomic [%] composition of 0% treated carbon fibres by XPS. 
It is not possible to deduce whether the observed increase in oxygen content is solely 
as a result of an introduction of oxygen containing functional groups on the fibre 
surface, an increase in porosity and/or surface area leading to an increase in moisture 
adsorption, or a combination of the two. However, there is considerable variation in 
oxygen and nitrogen content from one point of the tow to another (typically 10-20%) 
for all three types of fibre analysed. 
4.1.7 Effect of Heat Treatment on the Elemental 
Composition of Carbon Fibres. 
The results in Table 4.4 show the atomic concentrations of elements on the surface of 
carbon fibres of various treatment after being outgassed at 120°C overnight in an air 
oven to remove adsorbed water. The fibres were prepared in this way to render the 
analysis more comparable with the IGC data, where the fibres were heated to 120°C in 
a N2 atmosphere. The results show a steady increase in atomic concentration of oxygen 
with electrochemical treatment, at the expense of carbon. Somewhat surprisingly, the 
concentration of nitrogen remains unchanged as the treatment increases. This is a 
source of controversy between some workers, as it has been suggested that either the 
electrochemical treatment introduces nitrogen containing functional groups into the 
surface, or that material is removed from the fibre surface, revealing a small amount of 
residual nitrogen within the fibre sub-surface. 
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Fibre Atomic % Concentration Elemental Ratios 
Wmin/g C1s O1s N1s CI 2p Na ls Ca 2p O/C (N+O)/C 
0 91.708 3.618 3.525 0.349 0.32 0.479 0.039 0.078 
25 88.199 7.735 2.716 0.28 0.635 0.435 0.088 0.118 
50 86.868 9.718 1.987 0 0.928 0.468 0.112 0.135 
100 86.606 9.022 2.457 0.22 1.048 0.647 0.104 0.133 
200 83.515 11.56 2.959 0.278 0.897 0.79 0.138 0.174 
Table 4.4. Atomic [%] composition of carbon fibres by XPS following heat treatment to 122°C 
overnight in an air oven. 
The results show that a significant proportion of the oxygen content of the fibres was 
from a species that was desorbed during the heating process, most probably water. 
Other contaminants present on carbon fibres such as plasticisers are less likely to be 
desorbed and also have carbon : oxygen ratios similar to those found on the fibre 
surface anyway. It is assumed that the relatively large standard deviations found with 
carbon and oxygen arise due to the effect of adsorbed water, and that this is largely 
removed by the outgassing procedure employed here. Although the margin for error 
here is large, because the fibres were not heated in the vacuum system of the 
spectrometer, these results indicate that a large proportion of the oxygen present on 
the surface is from adsorbed water. For the 25% treated fibre, if the discrepancy in 
oxygen concentration is ascribed wholly to water, then this suggests that X31% of the 
oxygen content of the fibre surface of fibres exposed to the atmosphere is due to 
adsorbed water. A similar approach for the 100% fibres yields a value of ý3 8%. 
Somewhat surprisingly, the untreated fibres appear to be capable of adsorbing a similar 
proportion of water, calculated as 33%, with respect to surface oxygen concentration. 
This was unexpected because the electrochemical treatment is thought to introduce 
some porosity to the fibre surface. Possibly, any weakly bound moisture is lost in the 
UHV conditions of the spectrometer, leading to a comparable amount of strongly 
bound water associated with the surface of the fibres. 
XPS analysis offers good comparative quantitative data regarding the introduction of 
oxygen by electrochemical oxidation with the advantage of trivial sample preparation. 
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However, without a detailed and involved study of the valence band spectra or the use 
of a peak fitting routine, the analysis does not provide detailed chemical state 
information for the species present on the surface of carbon fibres. 
4.2 ToF-SIMS of Carbon Fibres 
4.2.1 Instrumentation 
ToF-SIMS analysis was carried out using a VG Scientific Type 23 System equipped 
with a two-stage reflectron type analyser and an MIG300PB pulsed liquid metal ion 
source, and the spectrometer was run at an operating pressure of 10-9 mbar. Static 
SIMS conditions were used with a pulsed 5 kHz, 26 keV, 69Ga+ primary ion beam 
rastered over a frame area of 0.4 x 0.4 mm2 at 50 frames per second. The system was 
operated using a pulse width of 30 ns, and a beam current of 1.0 nA was used giving 
an ion dose of approximately 4x 1011 ions cm-2 analysis'. SIMS spectra were acquired 
over a mass range of m/z 5 to 800 in both the positive and negative ion modes. The 
spectrometer was controlled by a VG Scientific Type 23 data system based on a DEC 
PDPI1/73 running the p. RSX operating system. 
4.2.2 Sample Preparation 
Carbon Fibres are supplied in yarns of 200 m, wound round a spool 0.5 m in height 
and 0.15 m in diameter. These are stored in sleeves of aluminium foil in order to 
protect them from picking up contamination such as plasticisers from the original 
polythene packaging. Lengths of approximately 100 mm are cut from the tow, and 
then laid onto aluminium foil, which is then folded over the tow. A 10-12 mm length of 
tow is carefully cut through the aluminium foil in order to preserve the orientation and 
integrity of the tow from an unhandled part of the previously procured length. The slip 
of foil is unfolded and placed on top of a cover plate, 20 mm in length, of 8-9 mm 
111 
Chapter 4: Surface Characterisation of Carbon Fibres 
width, exposing the fibres. A further cover plate of similar dimensions but with a7 mm 
diameter hole in the centre is placed on the top of the fibres and cover plate in a way 
that leaves no fibre ends protruding from between the plates. This is necessary in order 
to reduce the probability of field emission from the fibre ends. Once the fibres are 
satisfactorily captured between the plates, the sandwich is mounted in a custom-made 
spring-loaded stub, that helps contain the fibres in the desired configuration, and the 
fibre tow relatively flat. This sample array is illustrated in Figure 4.6. Despite the 
attention to detail taken in this procedure, field emission is still observed in some 
instances. When this is observed analysis is abandoned and a fresh sample is prepared. 
nun 
F 
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Figure 4.6. Sample holder for carbon fibres for ToF-SIMS analysis. 
4.2.3 ToF-SIMS Analysis of Carbon Fibres 
ToF-SIMS of carbon fibres offers the advantage of higher sensitivity and greater 
chemical specificity than does XPS, although the interpretation of spectra can often 
prove ambiguous. It must also be borne in mind that the SIMS technique is more 
surface specific, the analysis depth being of the order if 1-2 nm, as opposed to 2-5 nm 
for XPS. One of the advantages often listed of SIMS over XPS is the ability to detect 
hydrogen. As a matter of routine in ToF-SIMS though, the hydrogen ions are not 
detected in order to prevent the detector becoming saturated during the course of the 
analysis. This is achieved by setting a veto within the software prior to analysis, the 
reason being that the sensitivity to heavier ions that arrive at the detector at a later time 
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is enhanced. Therefore, although detection of elemental hydrogen is possible with the 
equipment used, it is not employed in any of the spectra involved in this study. 
Detection of heavier ions yields more useful information for the elucidation of the 
chemical composition of the sample, and therefore greater sensitivity to the ions of 
heavier mass will prove more useful for general analysis. 
Carbon fibres give quite simple SIMS spectra, yielding a combination of inorganic ions 
possibly introduced from the electrochemical procedure or from handling 
contamination after the graphitisation procedure, simple organic ions reflecting the 
aromatic nature of the fibre, and more complex organic ions due to contaminants 
present as a result of handling and storage. 
4.2.4 Untreated Carbon Fibre 
Figure 4.7 shows a positive ToF-SIMS spectrum from an untreated carbon fibre, 
analysed in its as-received state. The dominant peak observed at m/z = 23 is due to the 
Na' ion. This peak underlines the relative sensitivity of SIMS to ions of varying 
ionisation potential. The XPS results indicate that there is no more than 1.5% Na 
present on the surface, whereas this is consistently the most prominent peak in a 
carbon fibre spectrum. Other inorganic ions present in the spectrum include Mg at m/z 
= 24, K+ at m/z = 39, although there is a large probability that this peak has a 
contribution from the C3H3+ organic ion, and a Ca+ ion at m/z = 40. It is believed that 
such inorganic ions emanate from a deeper analysis depth than the organic ions 
observed in the spectrum. 
The peaks originating from organic ions yield more subtle information. The most 
prominent peaks and their assignments are given in Table 4.5. There is little 
information that can be obtained directly from the spectrum. However, this is to be 
expected from a highly graphitic structure, possessing aromatic carbon atoms rigidly 
held in place in an spe environment. This means that in order to yield fragments 
possessing more than six carbon atoms, a large number of aromatic C-C bonds would 
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have to be broken without causing further damage to the fragment concerned. The low 
ionisation efficiency of such large organic fragments also compounds the low 
probability of emission of such ions. Therefore the nature of the material is not 
conducive to emitting large ions that would characterise the surface with relative ease. 
What can be concluded from the spectrum is that there is a relatively low amount of 
contamination present on the fibre surface. Inorganic ions have a high ionisation 
efficiency and are easily emitted from the fibre surface because of their high mobility. If 
there were substantial inorganic contamination these peaks would be much more 
intense than those observed in Figure 4.7. ToF-SIMS is also very sensitive to organic 
contaminants, conspicuous by their absence in the spectrum. The most common 
contaminants of carbon fibres are plasticisers such as di-isooctylphthalate, a highly 
mobile species that would yield a prominent peak at m/z = 149 in the positive 
spectrum. Occasionally there is a small peak observed on these fibres at m/z = 149, 
although this could conceivably come from the fibre structure. Release agents are also 
common sources of contamination observed on ToF-SIMS, yet there is rarely, if ever 
any observed on untreated fibres. The most commonly used commercial release agent 
is polydimethylsiloxane (PDMS), that exhibits distinctive peaks at m/z = 73 and 147. 
Hydrocarbon contamination, often referred to as adventitious carbon, appears in SIMS 
spectra in the form of a series of CHX+ ions, prominent in the spectrum shown in 
Figure 4.7. Unfortunately it is impossible to ascertain whether these ions are present as 
a result of contamination of the fibre surface, although it is reasonable to assume that 
both the graphite structure of the fibre, and a hydrocarbon contamination layer 
contribute significantly to the presence of the organic peaks listed in Table 4.5. 
The negative spectra of an untreated fibre is shown in Figure 4.8. Once again, there is 
little structural information to be gleaned from the peaks present, because of the same 
reasons cited for the positive spectrum. The dominant peaks in this case are simple low 
mass fragments such as C-, CH-, O-, and OH-. The peak assignments observed in a 
typical negative ion mass spectrum for untreated carbon fibres are shown in Table 4.6. 
114 
Chapter 4: Surface Characterisation of Carbon Fibres 
VVV 
800 
30 
25 
m 20 
c 
15 
0 
U 
10 
5 
0 
- 0 
80 90 100 110 120 130 140 150 160 
Atomic Mass Units 
Figure 4.7. Positive ToF-SIMS spectrum of 0% carbon fibres. 
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Figure 4.8. Negative ToF-SIMS spectrum of 0% treated carbon fibres. 
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In this case the peaks at m/z = 48 and 49 are thought to be due to C4- and C4H-, 
because of the absence of sulphur containing ions in the remainder of the spectrum. 
There does appear to be a significant proportion of nitrogen containing species present 
on the surface of the fibre, although the relatively low ionisation potential of the CN- 
species must be considered, and the contribution from the C2H2 is thought to be 
minimal because of its low stability. It is also interesting to note the peak at m/z = 93 is 
abundant on an untreated fibre, and, whilst it is possible that this is present as a result 
of contamination, it does suggest that there are possibly phenol functional groups on 
the surface. The absence of more complicated high mass fragments indicates a low 
level of contamination on the fibre surface. 
4.2.5 Oxidised Carbon Fibres 
The positive ToF-SIMS spectrum of 25% and 100% treated fibres are shown in 
Figures 4.9 and 4.10, and peak assignments are shown in Table 4.5. Qualitatively, there 
is very little difference between these and the untreated fibres shown previously. 
Therefore it is assumed that the peak assignments are valid also for these treated fibres. 
At higher mass, between m/z = 100 and 200, there are low intensity oxygen containing 
peaks that are not present on untreated fibres. Their appearance could either be a result 
of the increased oxygen present on the surface, causing the emission of a greater 
number of these fragments, and therefore, statistically they are more likely to be 
observed, or if the surface is more porous, then it is likely that fewer bonds are 
required to be broken to observe higher mass fragments. Another explanation is that of 
instrumental effects. These spectra were taken on different days, and therefore the 
beam conditions are likely to have been slightly different. This can have a profound 
effect on the quality of the mass spectrum, particularly for fragments at higher mass. 
All these ions, such as m/z = 105,115,128,141,152,165, illustrated in Figure 4.13, 
are indicative of highly aromatic structures. Another feature of the oxidised fibres 
is the 
apparent increase in the presence of inorganic ions such as Na', and Ca+. These are 
thought to be adsorbed onto the fibre surface during the oxidation procedure in the 
aqueous electrolyte. 
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It has been speculated that the physical strength of fibres decreases with fibre 
treatment, although this is only thought to be significant at very high treatments40, 
attributed possibly to the effect of Na ions on the surface. It is clear that there is an 
increase in the concentration of such ions after electrochemical oxidation, and ToF- 
SIMS is an ideal technique to follow a subtle increase in concentration of mobile ions 
of low ionisation potential, because of low detection limits of such species. However, it 
is impossible to quantify absolute values for the concentration of these ions due to the 
unknown influence that matrix effects have on the resultant spectrum. 
The negative SIMS spectra of 25% and 100% treated fibres are shown in Figures 4.11 
and 4.12. There is very little difference between these spectra or between these and the 
spectra obtained from unoxidised fibres. A distinction that is often observed is the 
presence of sulphate ions in the spectra of oxidised fibres. This is attributed to the 
oxidation procedure, pointing to the conclusion that the electrolyte used for the 
oxidation in this instance was probably ammonium sulphate. Possibly though, there 
was a washing procedure involving sulphuric acid. If the electrolyte employed was 
ammonium bicarbonate, then residual ammonium bicarbonate precipitated on the 
surface could possibly be removed by washing the fibres in sulphuric acid. The other 
important difference is the increase in the relative amount of O-, OH-, and Cl- 
compared to the overall amount of organic peaks, such as C, CH-, C2 , and 
C2H-. 
This is to be expected from the increase in oxygen content due to the oxidation 
procedure and also to the increase in adsorbed water, observed by XPS. 
The high mass fragments observed in the positive spectrum are all assigned to highly 
aromatic, resonance stabilised structures, as would be expected from a graphitic 
surface. The structures proposed are illustrated in Figure 4.13. 
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M/z Composition 
12-15 C1Hy 
23 Na 
25-29 CH 
339 K/ C3H3 
40 Ca 
41 C3H5 / C2HO 
43 C3H7 / C2H30 
50 C4H2/ C3N) 
51 C4H3 
53 C4-H5 / C3HO 
55 CH7 / C3H3O 
57 C4H9 / C3H50 / CZHO2) 
65,67,69 C5HY / C4HXO 
77 C6H5 
91 C7H7 
103 C7H30 
105 C7H50 
115 C9H7 
128 C1oH8 
141 C11H9 
152 C12H8 
149 C1oH130 / C9H9O2 / C8H503 
165 C13H9 / C12H50 
Table 4.5. Peak assignments of organic ions observed in the positive ToF-SIMS spectrum of a carbon 
fibre, shown in Figures 4.7,4.9, and 4.10. 
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Figure 4.13. Proposed structures for ions observed in positive SIMS spectrum. 
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m/z Composition 
12,13 C, CH 
16,17 0, OH 
24,25 C2, C2H 
26 (C2H2) / CN 
35,37 Cl / C3H 
36 C3 / HCl 
40 C2HZN / C20 
41 C2HO 
42 C2H3N / C2H20 
46 CH202 
48,49 C4 / C4H, / SO / HSO 
60,61 C5, C5H 
62 C5H2 / C2N3 / CILNO2 
63 C5H3 / C2HN3 / PO2 
72,73 C6 / C6H 
79,81 P03 / Br 
93 C6H50 
Table 4.6. Peak assignments of organic ions observed in the negative ToF-SIMS spectrum of a carbon 
fibre, shown in Figures 4.8,4.11, and 4.12. 
ToF-SIMS has the ability to identify common contaminants such as plasticisers and 
release agents, and reveals that all types of fibres are contaminant-free. Also, in 
addition to the expected increase in oxygen content, an increase in inorganic ions such 
as Na+, Ca+, and Cl- is observed following the oxidation procedure, that are 
presumably introduced to the fibre surface during oxidation in aqueous media. 
Negative spectra yield very little structural information from organic ions, whereas 
SIMS of carbon fibre surfaces in the positive mode exhibit ions that can be attributed 
to a surface that is highly graphitic in nature. 
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4.3 IGC of Carbon Fibres 
4.3.1 Instrumentation 
A Girdel 330 gas chromatograph utilising a flame ionisation detector was employed to 
carry out the IGC experiments. The carrier gas used was high purity nitrogen supplied 
by Air Liquide, and methane (Air Liquide), was used as the non-interacting marker, in 
order to measure the resistance to flow of the column. The flow rate, measured by 
means of a soap-bubble flowmeter, was approximately 25 cm3 min-' in most cases, 
although it was reduced to approximately 14 cm3 min-' for the acidic probes because 
the low retention time meant that the probe signal was not resolved from that of the 
methane marker. Each probe was analysed at two different working temperatures so 
that an estimate of the heat of adsorption could be calculated. The n-alkane series and 
the basic probes were analysed at column temperatures of 49.5 and 69.5°C, and the 
acidic probes, because of their lower retention time, were analysed at 25.5 and 49.5°C. 
The temperature was measured by a digital thermometer inserted through the oven 
wall that encased the column in use. The injector temperature was held constant at 
110°C, and the detector temperature at 110°C for the duration of the readings taken. 
Prior to analysis, the columns were conditioned at 120°C under a flow of 25 cm3 min-' 
of nitrogen for a least 12 hours. The chromatographs were recorded by a Delsi 21 
digital recorder, and net retention times calculated by measuring the distance from the 
non-interacting marker to the centre of the peak of the probe. This procedure was 
deemed satisfactory because there was very little asymmetry observed in the peaks. 
The probes, together with methane, were injected manually by means of a Hamilton 
gas-tight syringe. 
4.3.2 Sample Preparation 
Carbon fibres with five different surface oxidation treatments were analysed by IGC, 
ranging from untreated to 200% oxidation level. Teflon columns, with a diameter of 
6.25 mm and length of 500 mm were filled with tows of carbon fibres. Three tows of 
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1000 mm of fibre were pulled through the column from the middle of the lengths using 
a wire draw-string, which led to the column cross section containing approximately 
70000 fibres along the column. This corresponds to a sample weight of approximately 
3.5 g. A slight torque was applied to the tows during the packing procedure, which 
helped reduce the number of voids in the column. The ends of the column were 
plugged with a small amount of clean glass fibre to ensure an even gas flow through 
the column. 
4.3.3 IGC Analysis 
The infinite dilution method in IGC was used to determine the surface energy 
characteristics of the carbon fibres. The fibres were conditioned in a N2 atmosphere at 
122°C overnight in order to clean the surface of any adsorbed water or organic 
material on the surface of the fibres. This methodology ensured that the most efficient 
interactions between the probe molecules and the adsorption sites of the surface were 
investigated. 
4.3.3.1 Interaction of n-Alkanes with Carbon Fibres 
As discussed in Section 3.4, under the condition of infinite dilution, the free energy of 
adsorption (AGa) of a species on a surface is related to the retention volume, VN, in the 
following manner : 
-OG, = RT1nVN +C (3.15) 
R= Gas Constant /J Mo1-1 K-' 
T= Temperature /K 
C= Constant 
The dispersive component of the surface energy, ySd, sometimes referred to as London 
dispersion interactions, was calculated by the use of retention volumes of a series of 
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n-alkane homologues. The gradient of the curve obtained when RT1nVN is plotted 
against n, the number of carbon atoms in the n-alkane series is equal to the free energy 
of adsorption of the methylene group, AGC . This 
is related to the ysd by the 
relationship proposed by Dorris and Gray112 : 
ysd _ (AGcx2 / NA " acH2)2 / 4Y cH2 (3.17) 
NA = Avogadro Number 
a CH2 = cross sectional area of an adsorbed CH2 group (6 A) 
Y cH2 = surface free energy of a solid containing only methylene groups 
= 36.8 - 0.058T(°C) / mJ m-2 
The results obtained when RT1nVN is plotted against n, for 0,25, and 100% treated 
fibres at a temperature of 322.5 K (49.5°C) are presented in Figure 4.14. It can be seen 
that a straight line is obtained when the n-alkane series are used as IGC probe 
molecules. An estimate of the dispersive component of the surface free energy, ysd, can 
be deduced by taking the gradient of the curve to be AGc"2, explained above. The 
results are presented in Table 4.7. 
Treatment Sd 
0% 104.5 
25% 89.2 
50% 84.3 
100% 85.2 
200% 78.0 
Table 4.7. Estimate of the dispersive contribution to the surface free energy of carbon fibres. Values 
for ysd are in mJ m-`. 
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Figure 4.14. Adsorption of n-alkanes on carbon fibres of varying oxidation treatment at 49.5°C 
4.3.3.2 Interaction of Polar Probes with Carbon Fibres 
The acid-base characteristics of the various carbon fibres were investigated using the 
methods discussed in Section 3.4. The acid-base contribution to the free energy of 
adsorption, AG, lB, is determined in Section 4.3.3.3, and the acid-base contribution to 
the enthalpy of adsorption, AHaAB in Section 4.3.3.4. The approach of Saint-Flour and 
Papirer, based on Gutmann's donor and acceptor numbers is then utilised in Section 
4.3.3.5. This uses the concept of acceptor (or acidic) and donor (or basic) interaction 
constants for probe molecules in order to estimate acid and base constants for the 
surface in question. The structure of the probe molecules used to calculate these 
constants are given in Figure 4.15. 
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Figure 4.15. Molecules used to probe the acid-base characteristics of carbon fibre surfaces 
4.3.3.3 Free Energy of Adsorption of polar probes and isooctane 
on Carbon Fibres 
An estimate of the acid-base contribution to the free energy of adsorption, OGaB, of 
polar probes can be obtained when the RT1nVN values the for n-alkane series are 
plotted against boiling point. This is achieved by measuring the deviation from the line 
obtained when referenced to a theoretical n-alkane probe of identical boiling point, 
after Brookman and Sawyer125. The plots for each type of fibre are referred to in 
Figures 4.16-4.20, and the OGaAB values for the polar probes are presented in Table 
4.8. Figures 4.17-4.20 show that the Lewis bases TI-IF and EtAc, and the amphoteric 
probe of t-BuOH lie significantly above the n-alkane reference line, and that the Lewis 
acid probes of CHCI; and CCI4 do not deviate from the line to such a great extent. This 
indicates that the oxidised fibres are showing acidic character, but very little basic 
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character. In fact, the n-alkanes are shown to be retained on the fibres more effectively 
than CC14. The untreated fibres show virtually no basic character, and interact 
significantly less with the basic probes than the treated fibres, indicating that the 
oxidation treatment is introducing acidic sites onto the surface of the fibre. 
20 
18 
16 
L- 
0 14 
12 
Y 
10 
z 
>g 
c 
F= 6 
4 
2 
0 
60 
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Figure 4.18. Plot of RT1n(VN) versus Tb for 50% treated carbon fibres. Legend :f n-C6_9; 0 CHC13; 
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Figure 4.20. Plot of RT1n(VN) versus Tb for 200% treated carbon fibres. Legend :f n-C6_9; Q CHC13; 
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Tb /°C -AGaAB /kJ mol-1 
Probes 0% 25% 50% 100% 200% 
CHC13 61.2 -0.31 1.14 2.35 1.67 2.55 
CC14 76.8 -2.07 -1.92 -1.39 -1.45 -1.12 
t-BuOH 83.0 3.78 11.13 10.16 12.50 
EtAc 77.1 1.52 9.24 11.44 7.28 10.99 
THE 66.0 3.35 10.72 12.48 11.73 11.76 
Table 4.8. Acid-base contribution to the free energy of adsorption, -A(ia -, of polar probe at 
T= 49.5°C 
4.3.3.4 Heat of adsorption of Probe Molecules on Carbon Fibres 
The heat of adsorption of a particular probe can be measured by exploiting the 
relationship: 
-AHa = d(RinVN) / d(1/T) (3.19) 
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Therefore by calculating the retention volumes of a probe at various temperatures a 
value of -AHa can be determined from a plot of R1nVN versus I/T. In this study, it was 
assumed that the value of AHa is independent of temperature and was estimated by 
integrating Equation (3.19) to give: 
-AHa [l/T2 - 1/T, ] =R [lnVN(T2) - InVN(T1)] +C (4.1) 
The acid-base contribution to the enthalpy of adsorption, -AHaAB, was then calculated 
using Equation (3.22). 
-OHaAB= -AHa - AHvap" (3.22) 
-AHap' is the dispersive contribution to the heat of vaporisation of the probe, and the 
values for -AH, 
B calculated from this methodology for the probes used on the fibre 
substrates are shown in Table 4.9. The values of -AHapd are taken from Chehimi and 
Pigois-Landereau126 
Probes Heats of Adso tion and Vaporisation 
0% 25% 50% 100% 200% 
AHvap d -OHa AB* -AHa AB* -AH, AB* -AHa AB* -AHa AB* 
C, 36.5 40.6 57.0 46.6 59.3 46.5 
C8 41.5 44.2 57.3 46.2 54.6 49.6 
C9 46.5 54.2 65.5 51.4 56.5 57.6 
i-C8 35.8 36.4 52.4 40.4 47.8 44.1 
CHC13 30.4 43.0 12.6 52.0 21.6 34.9 4.5 49.0 18.6 50.4 20.0 
CC14 31.9 38.4 6.5 50.6 18.7 34.0 2.1 47.7 15.8 50.5 18.6 
t-BuOH 27.0 51.7 13.3 58.6 31.6 56.1 29.1 59.0 32.0 
EtAc 29.3 48.8 17.5 59.0 29.7 47.5 18.2 53.6 24.3 60.9 31.6 
THE 23.3 49.3 26.0 59.3 23.3 50.1 26.8 23.3 33.5 54.9 31.6 
Table 4.9. Enthalpies of adsorption for probes on carbon fibre substrates. AB* = -AHa' obtained 
from Equation (3.22). Values given are in kJ mo1-'. 
As expected, the results of Table 4.9 indicate that there is a significantly greater 
interaction between the acidic and basic probes with the oxidised fibres than the 
unoxidised fibres. Also, somewhat unexpectedly, it appears that there is a slightly 
greater heat of adsorption for probes interacting with the fibre of intermediate 
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treatment than those of 100% oxidation treatment, and the results from the 50% 
treated fibres do not fit in with the trends shown with the other fibres of varying 
treatment. 
4.3.3.5 Estimate of Acid-Base Interactions by the approach of 
Saint-Flour and Papirer 
The relative acid-base properties of the fibres can be further investigated by using 
Gutmann's donor and acceptor numbers in conjunction with the equation applied by 
Saint-Flour and Papirer. Gutmann's donor and acceptor numbers (see Section 3.4.4) 
are derived from the enthalpy terms measured by IGC, and are related to the acid-base 
constants in the following manner: 
-OHaAB = KD AN* + KADN (3.27) 
This is more commonly re-arranged to: 
-AHa'B / AN* = KA(DN/AN*) + KD (3.27) 
Where KA and KD are acid and base constants, respectively, and AN* and DN are the 
acceptor number (acidic) and donor number (basic) for the relevant probe. The AN* 
and DN numbers for the probes are shown in Table 4.10, and a plot of -AHaAB / AN* 
versus (DN/AN*), enabling the determination of KA and KD, is shown in Figure 4.21, 
where KA is the gradient and KD is the intercept. 
Probe DN AN* 
CHC13 0 22.6 
EtAc 71.1 6.3 
THF 83.7 2.1 
Table 4.10. AN* and DN constants for polar probes used to determine KA and KD. 
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The constants obtained from the so-called modified Saint-Flour and Papirer approach, 
together with the dispersive component of the surface free energy are presented in 
Table 4.11. 
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Figure 4.21. Plot of -AHad, /AN* versus DN/AN*. 
A 0% 
Q 25% 
.F 50% 
100% 
200% 
0% 
25% 
50% 
100% 
200% 
Treatment KA KD KA / KD KD / KA 
0% 0.304 0.050 6.0 0.17 
25% 0.248 1.355 0.18 5.5 
50% 0.321 -0.19 
100% 0.388 0.261 1.5 0.67 
200% 0.355 0.939 4.6 0.22 
Table 4.11. Acid-base constants for carbon fibres with a range of oxidation treatments. Values for 
acid-base constants in kJ mo1"1. 
The acid-base constants obtained using the enthalpies of adsorption from acidic and 
basic probes do not appear consistent with either the range of oxidation treatments that 
the fibres received or all other information obtained by IGC or any other method (e. g. 
XPS and DCAA). When the -OH, values of the probes used to determine the acid-base 
constants of Table 4.9 are scrutinised, it seems clear that the 50% treated fibres yield 
data that is not consistent with data from the other fibres. Time constraints only 
allowed the recording of retention times at two separate temperatures for each probe, 
1 32 
05 10 15 20 25 30 35 40 
Chapter 4: Surface Characterisation of Carbon Fibres 
which could lead to a level of uncertainties when the enthalpies of adsorption were 
calculated in the previous section. Therefore, the acid-base contribution to the free 
energy of adsorption, -AGa"'B, was used as a more reliable indication of the acidity and 
basicity of the fibre surface. This is discussed more fully in Section 4.5. 
4.4 Dynamic Contact Angle Analysis (DCAA) 
4.4.1 Instrumentation 
Contact angles were measured by a Cahn 322 DCAA utilising a 16-speed motor, 
capable of speeds between 19.8 and 264 µm s-', and a microbalance with a resolution of 
0.1 µg. Fibres were analysed using a motor speed of 19.8 p. m, giving the greatest 
spectral resolution possible. This is because mass readings are taken at a rate of 1 Hz, 
irrespective of the speed of the motor. 
Samples were conditioned in an air oven at 160°C overnight to remove adsorbed water 
from the surface of the fibres. A single fibre, approximately 10 mm in length, was 
attached to a small piece of adhesive tape, approximately 4x2 mm that had already 
been attached to a piece of nichrome wire, approximately 60 mm in length, and 
possessing a hook at the far end. This was hooked onto the sample pan of the 
microbalance. The hook, tape, and fibre possessed a mass usually of 4-6 mg, and this 
was balanced to within ±2 mg by adding tare weights to the other side of the 
microbalance. Once these were in position the liquid surface was brought to within 5 
mm of the fibre end by raising a platform situated underneath the microbalance. The 
fibres were then subjected to one cycle of immersion, lowered and raised by 10 mm, 
taking a total analysis time of 1020 s. The arrangement used for the analysis of fibres is 
shown in Figure 4.22. 
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Figure 4.22. Schematic diagram showing the arrangement used to analyse fibres by DCAA. 
Measuring contact angles by this method unfortunately results in the manifestation of 
an open hysteresis curve in the mass trace obtained. This is a result of absorption of 
vapour from the contact medium on surfaces of the balance, notably the adhesive tape 
used to affix the fibre to the nichrome wire suspended on the weight pan. However, 
this mass gain is very slight, generally about 5% of the full deflection of the curve, and 
therefore was deemed not to have a significant effect on the calculated contact angle. 
This effect can be observed in the traces illustrated in Figures 4.23 and 4.24 as the 
discrepancy in mass between the initial and final readings, and is minimised by allowing 
the balance reading to settle for approximately 300 s prior to beginning the analysis, to 
allow saturation of the atmosphere and surfaces present in the gas-tight apparatus. 
Three liquids were used as probe liquids in order to estimate the surface free energy of 
the surface of carbon fibres, and hexadecane was used to determine the fibre perimeter; 
the surface energy characteristics of these liquids are given in Table 4.12. 
Contact Medium 7 yd yp 
C16H34 27.6 27.6 0 
C10H7Br 44.6 44.6 0 
Glycerol 63.4 37.0 26.4 
H2O 72.8 21.8 51.0 
Table 4.12. Surface energy characteristics of probe liquids used for the estimation of the surface free 
energy of carbon fibres. Values given are in mJ m-`. 
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4.4.2 Surface Free Energy of Carbon Fibres by DCAA 
The perimeter of each of the three types of fibre was estimated by using hexadecane as 
the wetting medium. In order to exploit the relationship cited in Section 3.5.2, efficient 
wetting of the fibre surface must occur. Experimentally, this is generally accepted as 
occurring when 0< 20°. Hexadecane was used because it possesses a low surface 
tension (y = 27.6 mJ M-2 ) and therefore should efficiently wet most surfaces that it 
comes into contact with. All three types of fibre were found to have a diameter of 6.9 
µm, equating to a perimeter of 21.7 µm. 
As with IGC, DCAA also has the ability to estimate the surface free energy of a solid. 
However, the two techniques yield very different results and intrinsically different 
information, despite similarities in the depth of analysis. Qualitatively, there is a great 
deal of difference in the spectra obtained when using the different wetting media 
tabulated above. This is illustrated in the spectra shown in Figures 4.23 and 4.24, 
showing the force registered on the microbalance when 100% fibres are analysed by 
DCAA using hexadecane and water, respectively. 
When a liquid with a high surface energy such as water is employed, there is a high 
degree of hysteresis. This is because the surface is not completely wetted by liquids of 
high surface energy, and there is a large difference between advancing and receding 
contact angle data. Also, there are asperities on the surface of the fibre that are obvious 
in the advancing and receding plateaux. These manifest themselves as sharp peaks 
above the general roughness observed when the fibre is advancing or receding in the 
water, and are a result of either a porosity or chemical heterogeneity, or a combination 
of the two. Water has a high polar component to its surface free energy, which is not 
true of carbon fibres, and this results in the advancing liquid front becoming trapped 
between non-polar regions of the fibre surface. When the fibre is receding, the water 
sticks to these points, resulting in a lower contact angle compared to the advancing 
angle, and a greater force recording on the microbalance. 
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Figure 4.23. DCAA spectrum of a 100% carbon fibre in hexadecane. 
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Figure 4.24. DCAA spectrum of a 100% carbon fibre in water. 
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When a non-polar liquid with a low surface free energy is used, then there is very little 
hysteresis observed, the general roughness of the advancing and receding plateaux are 
much less pronounced, and the sharp spikes due to surface asperities are not observed. 
This is because wetting of the surface is much more efficient with a molecule of lower 
surface free energy. Also, other factors include the molecular size, because larger 
organic molecules such as hexadecane, whose trace is shown in Figure 4.23, are not as 
sensitive to surface roughness as small molecules such as water, and the potential for 
polar interactions with polar groups on the surface is no longer possible. 
The results obtained, using the software available for the Cahn 322 DCAA, using the 
three probes of different polar character, listed in Table 4.12 are shown in Table 4.13. 
Each reading is an average of five measurements, and the standard deviation, 6,,, of 
these are included. 
Fibre yd yP y 
0% 37.075 ± 1.372 2.850 ± 0.220 39.925 ± 1.170 
25% 34.132 ± 2.312 10.414 ± 3.345 44.458 ± 3.345 
100% 36.968 ± 2.810 10.680 ± 2.260 47.646 ± 1.253 
Table 4.13. Estimate of surface free energy, y, of carbon fibres by DCAA. Values are in mJ m"2. 
These results appear to indicate that the total surface free energy of the fibres increase 
steadily with oxidation, although a greater range is needed to be studied in order to 
confirm this conclusion. The dispersive components of y appear in this instance to be 
unaffected by the oxidation, an observation somewhat in conflict with the data 
obtained from IGC. However, the huge discrepancy between the values of Tables 4.7 
and 4.13 does confirm that the interactions observed in IGC are highly specific, 
whereas the results obtained from DCAA probe all available bonding sites and are from 
a wider range of interactions. An introduction of a relatively small concentration of 
acidic sites on the surface of the fibre will have a profound effect on the results 
obtained by IGC, but will not affect those obtained by DCAA to such an extent, 
because of the difference in concentration ratio of probe molecule-. unit surface area 
between each technique. 
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4.5 Discussion and Conclusions 
From the range of data available from these techniques, the most important points can 
be summarised in the following way 
1. Untreated HTA carbon fibres have very little heteroatom content present in the 
surface of the fibres. Under ambient conditions, the oxygen content is increased from 
5.4% to 14.5% as a result of the fibres receiving 100 W min g'. However, if the fibres 
are subjected to a heat treatment of 120°C overnight in an air oven, it was found that 
approximately 30% of this oxygen could be removed. This was attributed to water 
adsorption, and a similar proportion of oxygen was removed from both treated and 
untreated fibres. Nitrogen content was found to be very low (-. 3%) and variation 
appeared to be independent of the oxidation process. 
2. All types of fibre gave positive ion fragments that were highly graphitic in nature, 
suggesting that the fibres were not grossly contaminated. In agreement with the XPS 
data of Tables 4.1-4.3, ToF-SIMS spectra revealed that there was greater inorganic 
content in the treated fibres. Sodium, calcium, and chloride ion content were all found 
to increase after electrochemical oxidation. 
3. Carbon fibres have a high dispersive component to the surface energy, y, d, that 
decreases as the proportion of oxygen on the surface increases. The value of ysd of the 
untreated fibre is similar to that of graphite previously obtained by IGC127 
(ysd =129 mJ M-2) . 
DCAA indicated that 7sd did not decrease significantly with 
oxidation. This is possibly because probe molecules do not interfere with each other 
during IGC analysis, whereas the values obtained from DCAA are as a result of 
averaged macroscopic properties of the surface. 
4. IGC indicated that the polar component of the surface energy increases markedly 
between 0% and 25% treatment, after which it appears to reach a maximum, or 
possibly slightly increase thereafter. When it is considered that this technique is used at 
infinite dilution, i. e. the probes are not concentrated enough in the carrier gas to 
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interfere with each other, then the most obvious conclusion here is that high energy, 
relatively highly acidic sites are introduced onto the surface initially during the 
oxidation procedure. In view of the XPS results, that indicate a steady increase in the 
presence of oxygen on the surface with fibre treatment, it appears that a different 
species is introduced at this higher level of treatment. This is possibly because the acid 
sites could be introduced into a specific point of the surface structure, such as edge 
sites, that are energetically more favourable than the further introduction of less acidic 
oxygen containing functional groups that are introduced at seemingly less specific and 
more numerous surface sites. 
5. The untreated fibres appear to have very little or zero basicity. Although this 
technique is used at infinite dilution and only a very low concentration of sites on the 
surface are required to have an effect on the retention volume of a probe, the Lewis 
acidity of the probes used was not very high. This means that an adsorption site on the 
surface would need to possess considerable electron donating character in order to 
interact with chloroform, and carbon tetrachloride in particular, to have a great effect 
on their retention volumes. This is in contrast to the Lewis bases that were used, such 
as tetrahydrofuran and ethyl acetate, because they are more polar and can interact with 
the surface more effectively through hydrogen bonds to acidic sites on the surface. 
6. The effect that oxygen content has on the acidity of the fibre surface may be 
investigated by comparing XPS and IGC results. Table 4.14 shows the variation of 
surface energy characteristics and oxygen content with electrochemical treatment. The 
effect of the increase in heteroatom content may be investigated by plotting graphs of 
O/C and (N+O)/C versus the various energy or acid-base characteristics. Figure 4.25 
illustrates how the dispersive contribution to the surface free energy varies with 
heteroatom concentration of the fibre surface. 
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Treatment Surface Free Energy Terms Elemental Ratios 
W min/g (%) yds CHCI3 THE 2(AB) O/C (N+O)/C 
0 104.5 -0.31 3.35 0 0.039 0.078 
25 89.2 1.14 10.72 6.99 0.088 0.118 
50 84.3 2.35 12.48 10.83 0.112 0.135 
100 85.2 1.67 11.73 8.85 0.104 0.133 
200 78.0 2.55 11.76 10.95 0.138 0.174 
Table 4.14. Comparison of surface treatment with surface energy characteritics and heteroatom 
concentration. AB = (-AGaacid . -QGabase) 
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Figure 4.25. Dispersive energy (ysd) vs. heteroatom content (XPS). Legend: A O/C; Q (N+O/C). 
At low oxygen coverage ysd decreases linearly with increasing oxygen coverage. A 
decrease in ysd is expected because of the disruption to the delocalised spe orbitals of 
the 1t-electrons in a graphitic environment. 
The acid-base properties may also be compared with the heteroatom content of the 
fibre surface. This is done by calculating the geometric mean of the -AG,, 
AB for THE 
(acidic character of surface) and CHC13 (basic character of surface) to produce a 
measure of the acid-base contribution to the surface free energy, y, `°'3. A plot of this is 
shown in Figure 4.26, and a plot of percentage treatment vs. oxidation treatment 
is 
shown Figure 4.27. 
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Figure 4.27 shows the geometric mean (2(AB) 1/2 from Table 4.14) of the free energy 
terms calculated from the retention volumes of CHC13 and THY increasing with the 
manufacturers oxidation treatment. A first impression is that the 50% treatment does 
not fit easily with the other treatments. However, if Figure 4.26 is studied, the actual 
concentration of oxygen and (oxygen + nitrogen) on the surface of the fibres measured 
by XPS provide a very good fit to the data. This appears to be a linear relationship up 
to a treatment level of 100%, and above this treatment the increased oxygen content of 
the surface does not appear to increase the calculated y, AB term. Possibly, this indicates 
that the surface of the fibre has begun to degrade and pitting is occuring in the surface, 
allowing increased oxygen content on the surface with no increase in acidity or 
basicity. 
The following chapter uses ToF-SIMS to investigate the adsorption of an epoxy 
molecule, an amine molecule, and a macromolecule possessing an ester functional 
group (PMMA) under non-competitive conditions on the surface of 0%, 25%, and 
100% treated fibres. A quantitative treatment to the data at different concentrations of 
adsorbate is used to construct adsorption isotherms of each type of molecule on fibres 
at the progressive oxidation treatments, enabling the mode of adsorption to be studied. 
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Chapter 5 
The Interaction of Organic Molecules with 
Carbon Fibre Surfaces: A ToF-SIMS Study 
5.1 Adsorption on Solid Surfaces 
In this chapter, the interaction of organic molecules with carbon fibre surfaces is studied 
by constructing adsorption isotherms. This study demonstrates that ToF-SIMS is a 
powerful technique with potential to distinguish polymer species in real commercial 
systems because of its high sensitivity and ability to identify the origin of polymer 
fragments within the spectrum. Not only can ToF-SIMS indicate the presence of a 
particular species at the fibre surface, but the relative concentration of a species can also 
be obtained. This is achieved by normalising the particular peak with one known to 
characterise the substrate material, and comparing the relative peak intensities between 
spectra of another sample. It seems reasonable to assume that this will only hold true for 
systems using identical or very similar substrates, bearing in mind the theory outlined in 
Chapter 3 concerning ionisation probabilities of organic and non-organic ions, and 
substrate effects. 
Previous work has led to the existence of a number of models explaining the adsorption 
characteristics of molecules on solid surfaces. These are most notably Langmuir, Temkin, 
and Freundlich models, derived by consideration of the thermodynamic properties of 
particular types of systems. This chapter opens with a brief review of these models and a 
description of the way in which SIMS is used to construct adsorption isotherms. 
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5.1.1 Modes of Adsorption 
The most widely used method of studying adsorption characteristics of molecules on 
solid surfaces relies on the construction of an adsorption isotherm. The isotherms 
proposed by Langmuir, and its subsequent modified isotherms are derived from how the 
surface coverage of the substrate varies with the partial pressure of gases in the 
atmosphere above the solid. In this study it is assumed that this approach can be directly 
applied to adsorption of an adsorbate species present in a neutral solvent in the liquid 
phase. The aim is to characterise how the concentration of the adsorbate in solution 
affects the amount of material adsorbed on the surface, thus obtaining a measure of the 
adsorption sites existing on the solid surface and the interaction occurring between these 
and the adsorbate molecule. In order to achieve this, it must be ensured that kinetic 
equilibrium has been reached before the isotherm constructed truly reflects 
thermodynamic equilibrium. Thermodynamic equilibrium must be attained so that the rate 
of adsorption is equal to the rate of desorption. When this is the case, the amount of 
material adsorbed on the surface is a function of the concentration of the adsorbate in 
solution. 
5.1.2 Langmuir Isotherms 
Langmuir considered a simple system and proposed a model that incorporated the 
following assumptions: 
1. All adsorption sites are equivalent. i. e. there is no change in AHads as coverage 
increases. 
2. Interactions between the adsorbed molecules are negligible. 
3. Only one adsorbing molecule (the adsorbate) can be bonded to each site on the solid 
(the adsorbent or substrate). i. e. an adsorbed molecule cannot act as a substrate for 
further adsorption. 
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Here, Langmuir envisaged a square-planar homogeneous surface upon which existed a 
finite number of adsorption sites, and then went on to derive the adsorption isotherm in 
the following manner. If there are S total adsorption sites per unit area of surface 
available, of which So are occupied, and Sv are vacant, then Sv =S- So, and: 
k2So = k1CSv = k, C(S - So) (5.1) 
kl = rate constant for adsorption /s-1 
k2 = rate constant for desorption /s-' 
C= concentration of adsorbate /mol dm-3 
This can be expressed as: 
B=(k, /k2)C/[1+(ki /k2)C] (5.2) 
0= So / S, the surface coverage parameter. 
If kl/k2 = b, and 6= x/xm, where x is the amount of solute adsorbed per unit weight, and 
xm is the limiting monolayer coverage, then: 
X= XmbC / (1 + bC) (5.3) 
This expression describes Langmuir adsorption. However, this relationship is only valid 
if 
Csoly. e(-A. 
H(solv. ) / RT) << Csolu. e(-AH(solu. 
) / RT) (5.4) 
Cso, ý,. = concentration of the solvent 
/mol dm-' 
Csoý,, = concentration of the solute /mol dm-3 
-AH(solv. ) = enthalpy of adsorption of the solvent 
/J mol-' 
-AH(solu. ) = enthalpy of adsorption of the solute 
/J mol"1 
R= gas constant (8.314 J mol-' K-') 
T= temperature /K 
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Considering Equation (5.3) qualitatively, if bC « 1, then the approximation below is 
valid. 
X= XmbC (5.5) 
In this case, for very dilute solutions, the amount of material adsorbed increases linearly 
with the concentration of the solute in solution. However, for adsorption on a carbon 
fibre substrate, if we assume monolayer coverage, it is expected that the maximum 
amount of adsorbed material will be very small. This is deemed reasonable because the 
active sites on carbon fibres are thought to exist on the edge planes, whereas the basal 
planes are assumed to be relatively inactive to adsorption. If xm is very small, then 
relatively dilute solutions will contain enough solute to ensure that bC is significantly 
greater than zero, and the adsorption isotherm will not yield a straight line if Langmuir 
adsorption is observed. 
5.1.3 Temkin Isotherm 
In order to approximate the mode of adsorption of real systems, Temkin attempted to 
address the existence of a heterogeneous surface by assuming that -AHads varied linearly 
with 6, the relative coverage. This assumes that molecules adsorb on the sites of greatest 
-AHads first. 
0 =A, InC. A2 (5.6) 
Where Al and A2 are constants. 
5.1.4 Freundlich Isotherm 
The Freundlich isotherm also uses the assumption that -OHadg has a large range of values, 
where the sites of the greatest -AHads are occupied first. This model proposes that -AHads 
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varies exponentially as 0 increases, and the distribution of adsorption-site energies is 
described by: 
f(-AHads) 
= ae(AHads i RT) (5.7) 
and the relative coverage varies with concentration by the following relationship. 
e=aC1/n 
n and a are constants, that are rarely integers. 
5.1.5 Adsorption Isotherms by ToF-SIMS 
(5.8) 
It is clear that ToF-SIMS must provide a measure of the surface coverage if it is to be 
used to construct adsorption isotherms. However, it has also been stated previously that 
the intensity of particular SIMS spectra and the peaks within are subject to variations as 
a result of sample geometry and matrix effects. Therefore this variation must be 
corrected if accurate data are to be obtained. In this case, the favoured method is to use 
the relative peak intensity, RPI, a term that has been used previously128-13' but is re- 
defined here to be used in conjunction with adsorption isotherms. 
lads 
RPI = 
lads + Isub 
(5.9) 
1,, d, = Integrated peak area of ion fragment characteristic of the adsorbed molecule 
Isub = Integrated peak area of ion fragment characteristic of the substrate 
The ion dose used for each analysis is of the order of 4x 1011 ions cm"2, which is below 
the dose where impact areas are thought to overlap (i. e. the static SIMS limit), so here, it 
has been assumed that the analysis depth for organic ions does not penetrate beyond a 
monolayer. If this is the case, then the RPI is a direct measure of the relative coverage, 0, 
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the classical parameter used in the construction of adsorption isotherms. The system 
proposed is illustrated in Figure 5.1. The conditions of each analysis are described more 
fully in the experimental section. 
Primary ion 
beam ( 69 +) 1 
ads 
Areas of surface covered with adsorbate 
Figure 5.1. Schematic plan view illustrating coverage of surface and the origin of secondary ions. 
In this approach, if lads is a measure of the total adsorbate signal, and Isub a measure of the 
total substrate signal, the denominator of the definition of RPI, lads + Isb, is a measure of 
the total signal from the system, and the RPI is a measure of the relative coverage, 6. 
Unfortunately, both Iads and Isub will be subject to matrix effects, and it is not possible to 
calculate the fraction of the total signal attributable to the adsorbed molecule that lads 
accounts for. In addition to the daunting prospect of classifying and quantifying each ion 
that results from the presence of the adsorbate, the surface of the substrate is very likely 
to be heterogeneous, creating further barriers to absolute assignment of peaks in the 
spectrum to the various constituents of the system. Also, a number of peaks will arise 
from the presence of both adsorbate and substrate, thus destroying the possibility of a 
quantification routine that, although not absolute, would take into consideration the total 
SIMS signal from each constituent. This would be the case for the most abundant simple 
ions such as C-, 0- etc. for negative ToF-SIMS, leading to large errors intrinsic to the 
quantification routine. The most attractive method to estimate a value for the relative 
coverage is of selecting one ion characteristic of the substrate, and one from the 
adsorbate. The particular ions chosen will therefore be subject to the inevitable matrix 
effects and instrumental effects. The former relates to the chemical structure and valence 
band gap of the surface, and the latter to the hypothesis that hot spots within the damage 
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area are created, causing slight discrepancies in the energy spread of ions leaving the 
surface. This will alter their rate of decomposition and possible competitive unimolecular 
reactions. It is assumed that the relatively minor changes in composition of the substrates 
do not have a significant bearing on the overall ionisation probability of organic 
fragments leaving the surface. Also, the instrumental conditions for each experiment 
should be kept as similar as possible, so as to reduce the effects that beam energy and 
current would have on the appearance of the spectrum. 
In spite of all the potential experimental difficulties outlined above, this method is an 
established routine for quantification in SIMS (see Section 3.2.10). It is clear that care 
must be taken to ensure that instrumental conditions are as similar as possible throughout 
this number of experiments when acquiring spectra. 
5.1.6 Langmuir Isotherm Measured by Surface Analysis 
The isotherm that has received the most attention in the literature is the Langmuir 
isotherm. In this instance, although the surface of the fibre is thought to be 
heterogeneous, it is expected that there are a finite number of adsorption sites on the 
fibre. If the heat of adsorption is of a similar order of magnitude, then it would not be 
surprising if the adsorption of some molecules were found to be described quite well by 
the Langmuir isotherm. In fact the method of measuring the surface concentration of the 
adsorbed species by ToF-SIMS has been used previously to follow the extent of PMMA 
adsorption on polypyrrole128. The equation used for Langmuir-type adsorption from the 
liquid phase is taken from previous work which used the adsorption of silver ions on 
carbon fibres by XPS to determine fibre acidity40 
For XPS, it was proposed that: 
S1S 
+ (5.10) 
y bX;,, XM1 
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and the equivalent equation for the parameters involved in a ToF-SIMS experiment can 
be described by: 
C1C 
RPI bQ, Str 
S= Solubility (% of saturated solubility So) 
y= Uptake measured by XPS (atomic %) 
C= Concentration of solution 
Str = Relative peak intensity at saturation 
RPI = Relative Peak Intensity measured by ToF-SIMS 
b= (k11k2) = A, e(AHads/xT) (5.12) 
4Hads = heat of desorption 
T= temperature 
R= gas constant 
A' = constant 
Note that the Xm term (representing monolayer coverage) in the original Langmuir 
expression used in the XPS treatment of Baillie et al has been replaced by the term Sir to 
represent relative uptake. This change arises because the intensities measured by 
ToF-SIMS using the normalisation scheme are merely relative, whilst XPS is able to 
report absolute uptake, measured in atomic percentage, as a function of S/So analogous 
to the p/po parameter used in traditional gas phase adsorption studies. Applying the 
normalisation scheme outlined above for SIMS, the RPI actually appears to be directly 
proportional to the fractional coverage parameter, 6, where 6= (number of sites 
occupied / total number of sites). The isotherm is constructed by exposing fibres to a 
range of adsorbate concentrations and then plotting the calculated RPI vs. solution 
concentration. The advantage in using surface analysis techniques such as XPS and 
ToF-SIMS for such adsorption studies is their ability to measure the uptake of an 
adsorbate species on the surface of a solid material directly, although it is assumed that 
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the adsorbate concentration is not affected by removing the system from ambient 
conditions and placing the sample in the UHV regime of the spectrometer employed. 
This is in contrast to the more conventional method of following the total amount of 
material adsorbed from a gas by the reduction in the observed pressure. The fact that 
ToF-SIMS can provide only relative data between two ions of clearly defined origin 
could arise because of the effect that the ionisation potential that each individual 
fragment has on the appearance of that particular ion. It is also unclear how the existence 
of other ions of similar ionisation potential desorbing from the surface would affect the 
ionisation probability of a particular molecular fragment. It is possible that such matrix 
effects exist, although whether these are competitive or not is uncertain. As a result of 
this phenomenon the intensity of each ion must be normalised, yet the subtlety of the 
difference in ionisation potential between organic ions remains elusive, and the 
quantitative nature of the method results in data being comparable between like ions of 
similar systems, with no absolute concentrations being accessible. The very positive side 
of this is, however, that ToF-SIMS has been shown to produce data of high quality and 
reproducibility that enables the construction of adsorption isotherms 128. 
5.2 Experimental 
AKZO Tenax® HTA 5000 carbon fibres with oxidative surface treatment of 0,25, and 
100 W min g-1 (also referred to as % treatment) were used in this study. Oxidation from 
0% to 100% has been shown to increase the surface oxygen content by a factor of 
two132. These are high-tensile-strength fibres that had not been sized and contained 
approximately 12000 filaments per tow. Originally, they were synthesised from a PAN 
pre-cursor. AnalaR grade toluene supplied by Fisher Scientific UK Ltd. was used as the 
solvent in all cases, because it acts as a neutral solvent that does not interact chemically 
with carbon fibres. Diglycidyl ether of bisphenol-A (DGEBA, commercially known as 
Epikote 828 which has a degree of polymerisation of 0.14) was supplied by Shell. 
Solutions of 2.25 x 10"2,1.8 x 10"2,9 X 10-3,4.5 x 10"3,1.8 x 10-3, and 9x 10-4 M were 
used for adsorption studies, equivalent to molar concentrations of epoxide functional 
groups of 4.5 x 10-2,3.6 x 10-2,1.8 x 10"2,9 X 10-3,3.6 x 10"3, and 1.8 x 10-3 M, 
respectively. The primary amine used was 3,3'-dimethyl-4,4'-di amino dicyclohexyl 
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methane (commercial curing agent HY2954) supplied by Ciba Polymers, and the fibres 
were exposed to solutions of 0.001,0.002,0.005, and 0.01 M. It should be noted that 
the primary amine has a tendency to form dimers and trimers in neutral solvents such as 
toluene, observed by SIMS, providing a source of inaccuracy in the concentrations of the 
solutions employed, and more widely seen as the concentration increases. The solutions 
used for each fibre were diluted versions of a 0.01 M stock solution prepared from the as 
received amine to remove ageing effects. Two medium molecular weight high purity 
PMMA polymers (M, = 12000 and M,,, = 75000), supplied by Aldrich, were used. The 
polymers were dissolved in toluene and solutions in the composition range 1 to 7g dm-' 
used to treat the carbon fibres. 
Toluene is a good solvent for both the DGEBA and the amine which are viscous liquids 
at room temperature. The toluene did not fully dissolve either of the PMMA polymers on 
contact at room temperature and so both were heated slightly and stirred to ensure 
complete dissolution. Solutions of the appropriate concentration were prepared and 
measured into 0.04 dm-' aliquots for treating the fibres. 
Adsorption studies were carried out on carbon fibres using the protocols described in the 
following sections. 
5.2.1 Diglycidyl Ether of Bisphenol-A 
DGEBA is a difunctional epoxide molecule with a relative molar mass (R M) of 380 g 
mol-l, the structure is shown in Figure 5.2. 
CH3 
CH, -CH-CH_-O \ I-C \ I-O-CHZ 
CH3 
QH 
CH3 
1 /O\ 
CH-CHZ O 
to- C\/ -O-CH2 CHZ-CHZ 
CH3 
n=0 (86%) RMM = 340amu 
n= 1(14%) RMM = 624amu 
Figure 5.2. Schematic diagram showing the structure of DGEBA (RMM = 380) 
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The kinetics of the adsorption were investigated by analysing fibres exposed to a 
9x10-3 M solution of DGEBA (molar concentration of epoxy groups 1.8x10-2 M) for 
intervals of 30,60,120 and 300 s, immediately followed by a washing procedure of three 
rinses of 120 s duration, each in 0.04 dm-3 of fresh toluene. It was seen that 120 s was 
sufficient exposure time to reach kinetic equilibrium of adsorption 
A 4.5x102 M stock solution of DGEBA was prepared by dissolving 4.25 g of the 
epoxide in toluene in a 0.25 dm-3 volumetric flask. Solutions of the appropriate 
concentration were prepared and fibres exposed as above. Adsorption isotherms were 
then determined by ToF-SIMS. 
5.2.2 3,3'-Dimethyl-4,4'-diaminodicyclohexylmethane 
The amine molecule (HY 2954), which is commonly used as a hardener in epoxy resin 
formulations, has a RIVIlVI = 23 8, and the structure shown in Figure 5.3. 
H3C CH3 
H2N CH2 NH2 
RMM = 238 g mol"' 
Figure 5.3. Schematic diagram of 3,3'-dimethyl-4,4'-diaminodicyclohexylmethane 
Amines were expected to interact more strongly with the fibre surface, because they are 
more basic than epoxide molecules as a result of the electron donating properties of the 
nitrogen atoms of the amine molecule. It was observed in the previous chapter from the 
IGC results, that the surface of these carbon fibres have been found to have acidic 
character but have very small KD values (Table 4.8). The concentration of the amine 
solutions were lower than that used for DGEBA to enable UHV compatible specimens to 
be produced. 
A 0.01 M solution of the amine was prepared in a similar fashion to DGEBA by 
dissolving 0.60g of the curing agent in the solvent. 0% and 100% treated fibres were 
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then used in conjunction with a 0.005M amine solution for the kinetic study, using 
exposure times of 30,60,120 and 300 s, and the same washing procedure as that used 
for DGEBA. A 120 s time exposure was found to be adequate to attain kinetic 
equilibrium for the adsorption procedure. Solutions of the appropriate concentrations 
were used to construct adsorption isotherms. 
5.2.3 Polymethylmethacrylate (PMMA) 
PMMA is a thermoplastic polymer, with each monomeric unit containing an ester 
functional group. The monomer repeat unit has a mass of 100 amu, and is shown in 
Figure 5.4. 
CH3 
-{-CH2 C-)-n 
CO 
O-CH3 
RMM = 100amu repeat unit 
Figure 5.4. Schematic diagram of PMMA. 
In order to determine the kinetics of the reaction, a5g dm-' toluene solution of the 
PMMA with a RMM of 75000 was chosen and fibre samples with 0% and 100% 
treatments were each soaked for 30,60,300,900 and 3600 s. It was assumed that there 
would be no difference in the time taken to reach thermodynamic equilibrium between 
the two polymers of different RVIIM. This was assumed because there was the same 
concentration of repeat units in the equivalent polymer solutions. A time of treatment of 
300 s was subsequently used. Polymer solutions of concentration 1,3,5,7 g dm 
3 were 
prepared by measuring PMMA powder to an accuracy of 10-4 g and dissolving in the 
toluene solvent to a volume of 0.25 dm3. To determine the adsorption isotherms, the 
carbon fibre samples with differing degrees of surface treatment were each soaked in the 
above solutions of PMMA. 
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Following exposure to each solution, the fibres were rinsed three times for 120 s each in 
pure toluene to remove any physically bound material on the fibres. Fibres were also 
soaked in the pure toluene only so as to obtain a zero concentration reference point. 
5.2.4 Method of Fibre Preparation 
Carbon fibres require careful preparation prior to analysis by ToF-SIMS as a result of the 
potential problem of field emission, which can occur from exposed fibre ends. This arises 
because of the small diameter of the fibres (6 µm), and as the sample must be subjected 
to a high potential (5 kV) relative to an extraction plate to direct the ions into the mass 
analyser. If field emission occurs, then arcing is observed between the offending fibre and 
the extraction plate, and the analysis is abandoned. 
Immersion of carbon fibres in the probe molecule solution was followed by solvent 
washing. It was found that washing an unrestrained tow tended to give rise to stray 
filaments leading to the problem of field emission earmarked above. This difficulty may 
be overcome by washing the sample in a ToF-SIMS mount. However, it was concluded 
that the filaments in the centre of the tow would not be subject to the same rinsing 
procedure as those on the outside, due to their constraint within the spring-loaded stub. 
To resolve these difficulties, lengths of carbon fibre bundles (15 cm) were formed into 
flat loops on aluminium foil and secured by adhesive aluminium tape, held at the top so 
as to expose the fibre loop for soaking in the solutions, shown in Figure 5.5. This method 
of fibre preparation allowed the probe molecules access to the fibres throughout the tow 
without them being entrapped during the rinsing procedure, prior to mounting on a 
specimen stub. The aluminium foil, which was not immersed in any of the treatment 
solutes, presented a stable point that could be clamped in place for ease of handling. 
cm lengths of treated fibre were then carefully placed between two cover plates, 
mounted in a spring-loaded stub, as illustrated in Figure 4.6, and then introduced into the 
spectrometer for analysis. 
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Prior to the study, 5x10-2 M solutions of the amine and DGEBA in toluene were spin- 
cast onto aluminium foil in order to observe characteristic ions in the positive and 
negative SIMS spectra. 
Aluminium 
luminxum tape 
Carbon fibre 
loop 
-Toluene-adsorbate 
solution 
Figure 5.5. Schematic illustrating the apparatus used to expose carbon fibres to adsorbate molecules. 
5.2.5 SIMS Analysis 
ToF-SIMS analysis was carried out using a VG Scientific Type 23 System equipped with 
a two-stage reflectron type analyser and an MIG300PB pulsed liquid metal ion source. 
The spectrometer was run at an operating pressure of 10"9 mbar. Static SIMS conditions 
were used with a pulsed 5 kHz, 26 keV, 69Ga+ primary ion beam rastered over a frame 
area of 0.4 x 0.4 mm2 at 50 frames per second. The system was operated in high 
sensitivity mode with a pulse width of 50 ns, and a beam current of 0.5-0.6 nA was used 
giving an ion dose of approximately 4x 1011 ions cm"2 analysis-'. SIMS spectra were 
acquired over a mass range of m/z 5 to 800 in both the positive and negative ion modes. 
The spectrometer was controlled by a VG Scientific Type 23 data system based on a 
DEC PDP11/73 computer running the p. RSX operating system. For each analysis the 
RPI was calculated using peak areas obtained by integrating the chosen ion intensity for 
adsorbate and fibre. 
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5.2.6 Quality of Spectra: The Role of Topography 
The quality of a ToF-SIMS spectrum of a solid surface is dependent on a number of 
factors, most notably the topography of the surface. Extraction efficiency of the ions is 
angle dependent which, to a certain extent can be manually compensated for by tilting the 
sample in the spectrometer. It is difficult to attain similar detection limits for rough and 
uneven surfaces, particularly for small diameter fibres that have a curvature of a similar 
dimension to the analysis area. This results not only in a sample producing a widely 
varying count rate across the specimen, but also in a loss of spectral resolution, which 
results from the fact that ions emerging from slightly different distances from the 
extraction plate will have marginally different flight times in the ToF mass spectrometer. 
The spectrometer is still able to resolve peaks in the low to medium mass range of the 
spectrometer (m/z = 0-1000) in high sensitivity mode and therefore this is not detrimental 
to peak quantification. In order to compare ion abundance between spectra, the peaks are 
normalised, which is carried out by calculating the RPI (i. e. [adsorbate / (adsorbate + 
substrate)]) ratios of the relevant ions. This has the effect of removing the effects of 
topography mentioned above, and quantifying the relative amount of adsorbate present, 
as measured by its mass spectrum. It is therefore very important to choose ions that are 
characteristic of the adsorbate and substrate in question. Data from the three types of 
fibre were recorded from samples dipped in toluene for 360 s (equivalent to the rinsing 
procedure). This enabled calculation of the RPI from untreated samples for the kinetic 
data and adsorption isotherms, and spectra for comparison with data obtained from the 
spin-cast solutions to ascertain the most appropriate ions to quantify. Although the most 
prominent peaks in positive spectra of carbon fibres are inorganic ions such as Na+, Ca', 
and K+, they were not employed in the normalisation routine because their ionisation 
potential is an order of magnitude lower than organic ions, which means that to a certain 
extent their appearance in the spectrum is ubiquitous, and their highly mobile nature does 
not leave them well suited to existing in a uniform coverage. 
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5.3 Results 
5.3.1 Effect of Solvent on Carbon Fibre Surfaces 
Figures 5.5 and 5.6 shows the positive and negative ToF-SIMS spectra of as-received 
100% treated carbon fibres, respectively. These spectra are shown in order to determine 
the effect of the solvent has on the fibres. When Figures 5.7 and 5.8 are compared to 
Figures 5.5 and 5.6, respectively, it can be seen that no discernible changes occur in the 
spectra after the 360 s exposure to toluene in either the positive or negative modes. This 
is not surprising because no chemical interaction is expected between toluene and the 
fibre surface, and any residual toluene on the fibre surface will evaporate in the UHV 
environment of the spectrometer. 
5.3.2 Adsorption of the amine Curing Agent on Carbon Fibre 
substrates. 
In order to follow the extent of adsorption of the amine molecule, it was first necessary 
to select an ion that was characteristic of the amine molecule but was not characteristic 
of the fibre surface, and vice-versa. In this instance, identifying such ions did not prove to 
be a difficult task, because of the number of characteristic high intensity peaks from the 
amine molecule. These arise because of the relative probability of forming odd-electron 
ions from the sputtering process, discussed in Section 3.2.11.3. The nitrogen atom 
present in the amine provides a point on the molecule that is able to stabilise the charge 
of the ion, relative to the carbon atoms. As a result of ion stability, nitrogen containing 
ions are widespread throughout the spectrum of the amine, and are conspicuous because 
even-electron ions containing an odd number of nitrogen atoms are found at even m/z 
numbers. On the other hand, the fibre surface contains relatively small amounts of 
nitrogen, and so does not produce a ToF-SIMS spectrum rich in peaks with an even m/z 
ratio. However, because of the relative simplicity of the spectrum obtained 
from the fibre 
surface, careful inspection of the relevant spectra 
is required to identify a peak that is 
attributable to only the fibre. 
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Figure 5.5. Positive ToF-SIMS spectrum of as received 100% fibres in the mass region 0-60 amu 
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Figure 5.6. Negative ToF-SIMS spectrum of as received 100% fibres in the mass region 0-50 amu 
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Figure 5.7. Positive ToF-SIMS spectrum of 100% fibres in the mass region 0-60 amu after dipping in 
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Figure 5.8. Positive ToF-SIMS spectrum of 100% fibres in the mass region 0-60 amu after dipping in 
toluene for 360 s. 
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The positive ToF-SIMS spectrum of a solution of the amine in toluene spin-cast on an Al 
surface is shown in Figure 5.9; the ions diagnostic of the amine at m/z = 18 and 56 do 
not make any significant contribution to the spectrum from the fibre (Figure 5.7), and 
there is a very minor peak at m/z = 57 from the amine. Figure 5.7 can be compared with 
Figures 5.10 and 5.11 that show the same spectral range of fibres exposed to amine 
solutions of various concentrations. It can be seen that the m/z = 18 peak, attributed to 
the NI ion, increases significantly with amine concentration. The peak at m/z = 57 is 
relatively constant and assumed to emanate from the fibre surface. Thus for the amine 
adsorption study, the ion of m/z = 57 was taken as characteristic of the fibre surface and 
the ion of m/z = 18 for the amine. A similar approach was applied to a range of other 
peaks, and the most suitable are shown in Table 5.1. These peaks are then integrated and 
normalised using Equation (5.9). 
The composition of the ions chosen are depicted below in Table 5.1, and their proposed 
structures shown in Figure 5.12. 
ra/z Composition Origin 
18 NH4+ Amine 
56 C3H6N+ Amine 
57 C3H5O+ 
, 
C4H9+ Fibre 
75 C4H11O+, C6H3+, C3H3O2+ Fibre 
95 C7H11+ Amine 
Table 5.1. Peak assignments for the ions used in the quantification procedure for the adsorption of 
amine curing agent on carbon fibre. 
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Figure 5.9. Positive ToF-SIMS spectrum of 5x 10.2 M amine solution spin-coated on Al foil in the mass 
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Figure 5.10. Positive ToF-SIMS spectrum of 100% treated fibres in the mass region 0-60 amu treated in 
10-3 M amine solution for 120 s (followed by rinses, 3x 120 s) 
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Figure 5.11. Positive ToF-SIMS spectrum of 100% treated fibres in the mass region 0-60 amu treated in 
10"2 M amine solution for 120 s (followed by rinses, 3x 120 s) 
162 
5 10 15 20 25 
Atomic Mass Units 
Chapter 5: The Interaction of Organic Molecules with Carbon Fibre Surfaces: A ToF-SL\LS Study 
HZC=C- 
i 
C- 
H 
m/z=57 
/CH2 
m/z=95 
If-- C 
H 
C-C=C-C=-C-H 
CH3 
H H H H 
H 
H H H H 
H 
+ H2C CC NH2 
H 
m/z =56 
H 
+C c 
11 1 
/CSC /C 
/H 
ONý 
H 
m/z=75 
Figure 5.12. Proposed structures of ions used to distinguish between the curing agent and fibre surface. 
The composition of the ion with an m/z = 57 is most likely to be C3H5O, because 
unsaturated graphite fibres are unlikely to yield saturated ions such as C4H9+. It is 
thought that the peak with a m/z = 75 is unlikely to be C3H302+, because such an ion 
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would be unstable because of its low hydrogen content. The composition of this ion is 
therefore more likely to be C6H3+ or C4H11O+. The saturated nature of the C4H11O ion is 
thought unlikely to exist on the graphitic surface of a carbon fibre, unless it is present as 
a result of contamination. Therefore, the most probable structures of the ion are given by 
the highly unsaturated resonance stabilised configurations illustrated above. The cyclic 
structure is an ion based on the benzyne molecule, C61-4, and possibly retains aromatic 
character. However, the benzyne molecule is a reactive intermediate known to be highly 
unstable, and has never been isolated" 
First, the time taken for thermodynamic equilibrium to be attained had to be ascertained. 
This was done by exposing the fibres to an amine-toluene solution for varying duration, 
as described above. Figure 5.13 shows the graph obtained when the time of exposure is 
varied between 0 and 900 s, for untreated and 100% treated fibres. The kinetic data for 
intermediate treated fibres are expected to be similar to the two types of fibres included 
in the graph. It can be seen from the graph that the plateau has been reached within 100 
s, and the RPI does not increase noticeably after this exposure time. Similar results are 
observed when the m/z = 18 peak is used as being indicative of the presence of the amine 
species instead of the m/z = 56 peak. In all cases, the fibres were exposed to the amine 
solution for 120 s. 
Figure 5.14 shows an adsorption isotherm of the amine curing agent on carbon fibre 
using the NH4+ peak as a fragment from the probe molecule and the m/z = 57 
(C3H5O+/CH9+) peak from the fibre. The RPI is plotted against concentration to produce 
an uptake curve which shows that the order of uptake for amine on carbon fibres is 
100% > 25% > 0%. This result is not surprising because the electrochemical treatment 
introduces oxygen containing functional groups that are normally acidic and can provide 
an adsorption site for the amine. The quality of the uptake curve is extremely high and 
reflects the precision with which ToF-SIMS can be used to record such data, a feature 
observed in previous ToF-SIMS adsorption studies 
128. The error bars shown are the 
standard deviation of three data points recorded for each sample, and the magnitude of 
these show the low scatter in the spectra obtained. The results obtained when different 
combinations of ions are employed are presented in Table 5.2. 
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Figure 5.14. Adsorption isotherm of curing agent on carbon fibres of various treatments 
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Figure 5.15. Plot of C/RPI vs. C (from Equation (5.11)) for amine curing agent on carbon fibre showing 
the adsorption isotherm to be of Langmuir type. 
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Figure 5.16. Plot of C/RPI vs. C (from Equation (5.11)) for amine curing agent on carbon fibre showing 
the adsorption isotherm to be of Langmuir type for different ions. 
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The conformation to Langmuir adsorption may be tested by plotting C/RPI versus C, in 
accordance with Equation (5.11). If the data used to plot Figure 5.14 is used in the 
relationship relevant to SIMS for Langmuir adsorption, the graph presented in Figure 
5.15 is obtained. If the m/z = 95 ion is taken as being diagnostic of the amine molecule, a 
similar but subtly different graph is obtained, seen in Figure 5.16. If we recall that the 
reciprocal of the gradient of each line is Q, from Equation (5.11), it can be seen that the 
order between 25% and 100% fibres for the S2, r has been reversed. The possibilities of the 
reason for this are discussed in more detail in the following chapter. 
An investigation of the extent of deviation (standard deviation, 6O associated with each 
point in the Langmuir plots are presented in Tables 5.3,5.4, and 5.5. The deviation 
observed is significantly smaller than that previously obtained by XPS studies of 
adsorption of inorganic ions on carbon fibre substrates39. It is difficult to establish the 
reason for the observation that the extent of adsorption from the treated fibres contradict 
each other, depending on the ions selected for the quantification procedure. The sample 
for the 0.01 Mol dm-3 on 25% treated fibres only managed to yield one analysis before 
field emission occurred. However the data was not discarded because it fitted in with the 
general trend of the other data. 
If the results from Table 5.2 are scrutinised, it can be seen that there are discrepancies in 
order of adsorption between the treated fibres. With the exception of the RPI using the 
peaks I95/(195+I57), these discrepancies can be accounted for by the error values shown in 
Tables 5.3,5.4, and 5.5. It is significant that the untreated fibres consistently have the 
lowest Q. values, and some of these lie outside the range that can be established by the 
crude errors proposed in Tables 5.3,5.4, and 5.5. 
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Fibre 
Treatment 
0% 25% 100% 
Ions used SZr R'` 
__ 
R2 54 R2 
18/(18+57) 0.53 0.996 0.60 0.997 0.66 1.000 
18/(18+75) 0.90 1.000 0.93 1.000 0.96 1.000 
56/(56+57) 0.68 0.999 0.77 0.998 0.73 0.999 
56/(56+75 0.94 1.000 0.97 1.000 0.97 1.000 
95/(95+57) 0.37 0.998 0.58 0.998 0.46 0.998 
Table 5.2. Relative uptake values with R2 values for linear regression line (Figures 5.13 and 5.14) for 
amine on Carbon Fibres 
Conc. /Mol dm-3 I18/(119+157) 1181(18+hs) Is6/(Is6+Is7) 1561(156+175) I95/(I95+Is_) 
0.001 2.53 1.16 3.85 0.49 6.90 
0.002 11.49 2.92 5.58 1.67 4.29 
0.005 5.49 2.12 3.33 1.29 6.49 
0.01 2.36 2.07 2.60 1.01 4.29 
Table 5.3. Percentage errors associated with points in the adsorption isotherm for untreated fibres. 
Conc. /Mol dm-3 I56/(I56+I57) 156/(156+175) 1181(118+157) 1181(118+175) 195/(195+157) 
0.001 6.81 0.31 4.32 0.31 7.93 
0.002 3.17 0.25 2.01 0.08 0.96 
0.005 4.51 1.82 3.05 1.14 2.27 
0.01 - - - - - 
Table 5.4. Percentage errors associated with points in the adsorption isotherm for 25% treated fibres. 
Conc. /Mol dm-3 I18/(118 157) Il s/(II s+175) 
1561(156+157) 1561(1x6+175) 195/(195+157) 
0.001 3.73 0.83 1.16 0.33 6.61 
0.002 6.20 1.05 6.21 0.77 8.38 
0.005 0.92 0.46 0.66 0.21 1.09 
0.01 2.83 0.89 0.38 0.70 0.90 
Table 5.5. Percentage errors associated with points in the adsorption isotherm for 100% treated fibres. 
The adsorption of the curing agent appears to be well described by the model proposed 
by Langmuir. In order to compare this model with another commonly observed mode of 
adsorption, the goodness of fit of the data to the equation proposed by Temkin was 
tested by plotting RPI versus 1nC. If this is a good model for the adsorption, this plot 
should yield a straight line. The graph obtained when I18/(118 + 157) is used to calculate the 
RPI is shown in Figure 5.17. 
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Figure 5.17. Plot of RPI vs. In C for curing agent on carbon fibre to test for Temkin adsorption. Legend: 
" 0%; 0 25%; A 100%. 
Here the data does not give as good a fit as it did to the Langmuir model. This is the case 
for all the ions used to calculate RPI. It can be concluded that the Langmuir model 
describes the mode of adsorption better than the Tempkin model in the case of 
adsorption of the amine curing agent on carbon fibre. 
5.3.3 Adsorption of Epikote 828 on Carbon Fibre 
The adsorption of Epikote 828 on carbon fibre was studied with the same methodology 
as was the amine. The positive spectrum of DGEBA spin-coated from toluene solution 
on Al foil is shown in Figure 5.18. In this case, it proved difficult to select ions that 
characterised either purely the fibre or purely the adsorbate. The positive ToF-SIMS 
spectrum of carbon fibres exposed to solutions of 9x10-4 and 9x10"3 M DGEBA in 
toluene are presented in Figures 5.19 and 5.20. The mass range has been selected in 
order to show the increase in the cation at m/z = 31 from the DGEBA molecule 
increasing as the solution concentration increases, and can be compared to the 
corresponding spectrum of a fibre exposed to toluene only, previously shown in Figure 
5.7. In this case there is no nitrogen present in the adsorbate molecule, and so peaks at 
even m/z ratios are not significant. The ions chosen to represent the presence of DGEBA 
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on the fibre surface were m/z = 31 and 135. The SIMS spectra reveal an intense peak at 
m/z = 31 from DGEBA, and a very minor one emanating from the fibre surface. There is 
no peak at m/z = 135 from the fibre, and a moderate one present in the spectrum of 
DGEBA on Al foil. It was unfortunate that there were no peaks in the negative spectrum 
that were characteristic of the DGEBA molecule that were not present in the fibre 
spectrum, because, as will be seen for PMMA adsorption, fibres yield a nitrogen 
containing ion at m/z = 26 which could have proved useful. In this case the best ion that 
could be chosen was the ion at m/z = 41, although there is an inherent error here due to 
the contribution to this peak from the fibre. However, it does appear, when the results 
are studied, that it is still possible to ascertain trends in the uptake of the DGEBA 
molecule. The ion with an m/z = 26 could not be used in the case for amine adsorption, 
due to the presence of a similar ion from the amine molecule. 
The composition of the ions used to follow the adsorption of DGEBA are given in Table 
5.6 and the structures proposed for these ions are shown in Figure 5.21. The CH3O+ and 
C9H11O+ ions are characteristic of DGEBA, and the ion at m/z = 55 is present in the 
spectra of the fibres. This is thought to be the C3H3O+ ion. In this case the m/z =57, used 
in the previous normalisation, has an interfering ion (of the same composition) from the 
DGEBA molecule. 
The kinetic data was investigated by varying the exposure time of a 9x10-3 M DGEBA 
solution in toluene to the fibres. The results obtained using ions of m/z = 31 and 55 in the 
positive SIMS mode to calculate the RPI are presented in Figure 5.22. An exposure time 
of 120 s to the DGEBA solution was employed throughout the following investigation 
on the mode of adsorption on carbon fibre substrates. As with the amine, the fibres were 
also rinsed three times in fresh toluene for a duration of 120 s. 
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Figure 5.18. Positive ToF-SIMS spectrum of 5x 10.2 M DGEBA solution spin-coated on Al foil in the 
mass region 0-60 amu. 
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Figure 5.19. Positive ToF-SIMS spectrum of 100% fibres showing the mass region 0-60 amu treated in 
9x 10-4 M DGEBA solution for 120 s (followed by rinses in toluene, 3x 120 s). 
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Figure 5.20. Positive ToF-SIMS spectrum of 100% fibres showing the mass region 0-60 amu treated in 
9x 10"3 M DGEBA solution for 120 s (followed by rinses in toluene, 3x 120 s). 
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m/z Composition Origin 
26 CN- Fibre 
31 CH3O+ DGEBA 
41 C2HO- DGEBA 
55 C3H3O+ 
, 
C4H7+ Fibre 
135 C9H11 O+ DGEBA 
Table 5.6. Peak assignments for the ions used in the quantification procedure for the adsorption of 
DGEBA on carbon fibre. 
H2C OH 
m/z=31 
H 
+ CH2 C- CO 
m/z = 55 
H3C\ 
+ 
/C 
OH 
H3C 
m/z=135 
Figure 5.21. Proposed structures of ions used to distinguish between DGEBA and the fibre surface. 
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Figure 5.22. Kinetic data of DGEBA adsorption on 0% and 100% treated fibres, using the ions at m/z = 
31 and 55 to characterise DGEBA and fibre. respectively. Legend " 0%, A 100%. 
172 
Chapter 5: The Interaction of Organic Molecules with Carbon Fibre Surfaces: A ToF-SL\IS Study 
The adsorption isotherms for DGEBA on carbon fibre substrates of varying oxidation 
treatment were constructed by using solutions between 0 and 2.25 x 10-2 M, and are 
presented in Figures 5.23,5.25 and 5.27. The graphs plotted have the same shape as 
those observed for the amine isotherms, indicating a possible fit to Langmuir adsorption. 
This is investigated by the means of Langmuir plots in Figures 5.24,5.26, and 5.28. The 
negative data is included to illustrate the best fit found for ions in the negative mode. The 
m/z = 41 ion used in the negative mode taken as being indicative of the presence of 
DGEBA is not by any means a prominent ion in the negative spectrum of DGEBA spin- 
coated on Al foil, and suffers from what is probably a significant contribution from the 
fibre structure. 
The low intensity of the m/z = 41 ion, relative to the m/z = 26 ion (characteristic of the 
fibre surface) in Figure 5.27 is borne out in the low value of the RPI at high 
concentration of DGEBA. This is also true of the m/z = 135 isotherm plot in Figure 5.25. 
However, because the ion with a m/z = 135 can be unambiguously attributed to the 
DGEBA molecule, this plot is thought to be a more reliable indication of surface 
coverage than the isotherm calculated from the data acquired in the negative mode. 
The 0, values obtained from calculating the inverse of the gradient of the curves in 
Figures 5.24,5.26, and 5.28 are presented in Table 5.7. 
Fibre 
Treatment 
0% 25% 100% 
Ions used S2, R2 R2 Q, R2 
31/(31+55) 0.41 0.975 0.62 0.991 0.60 1.000 
135/(135+55) 0.08 0.980 0.25 0.941 0.29 0.997 
41/(41+26) 0.03 0.933 0.11 0.899 0.14 0.999 
Table 5.7. Relative uptake values with R` values for linear regression line (Figures 5.26,5.27, and 5.28) 
for DGEBA on Carbon Fibres. 
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Figure 5.23. Adsorption isotherm of DGEBA on Carbon Fibres, using m/z = 31 to indicate presence of 
the adsorbate. 
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Figure 5.24. Langmuir Plot for DGEBA on carbon fibres, using m/z = 31 to indicate presence of the 
adsorbate. 
174 
Chapter 5: The Interaction of Organic Molecules with Carbon Fibre Surfaces: A ToF-SIMS Study 
0.35 
0.3 
0.25 
-------- -------- 
0.2 -"" 
---------------- 
0.15 
0.1 
0.05 
0 
0 0.005 0.01 0.015 0.02 
Concentration /Moldm-3 
" 0% Treated 
13 25% Treated 
A 100% Treated 
0% Treated 
-- 25% Treated 
4nnni TýýýLýJ 
0.025 
Figure 5.25. Adsorption isotherm of DGEBA on Carbon Fibres, using m/z = 135 to indicate presence of 
the adsorbate. 
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Figure 5.26. Langmuir Plot for DGEBA on carbon fibres in the positive SIMS mode, using m/z = 135 to 
indicate presence of the adsorbate. 
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Figure 5.27. Adsorption isotherm of DGEBA on Carbon Fibres, using m/z = 41 to indicate presence of 
the adsorbate. 
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Figure 5.28. Langmuir Plot for DGEBA on carbon fibres in the negative SIMS mode, using m/z = 41 to 
indicate the presence of adsorbate. 
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It can be seen from the Q, values that, in contrast to the coverage found for amines, there 
is a significant difference between the uptake of DGEBA on treated and untreated fibres. 
The results of Figures 5.24,5.26, and 5.28 also suggest that, as with the amine, because 
adsorption appears to be of the Langmuir type, there was only one mechanism for the 
adsorption of DGEBA. These sites will most probably be the acidic sites which are 
introduced during electrochemical treatment. If this assumption is correct, then this 
implies that these reactive sites introduced by the electrolytic oxidation do not 
significantly increase in concentration as the treatment is increased from 25% to 100%. 
This agrees with previous work of Baillie et a121 who found that the number of acidic 
sites reached a maximum at a surface treatment of 25%. 
When the data obtained for DGEBA adsorption on the various carbon fibres is modeled 
to the Temkin adsorption isotherm, shown in Figure 5.29, it can be seen that, as with the 
curing agent, the data does not fit the model as well as the Langmuir model. 
n7 
U, U, 
F M 
M 
Figure 5.29. Graph to show the lack of fit of the data to the Temkin adsorption model. Legend: " 0%; 
Q 25%; A 100%. 
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5.3.4 Adsorption of PMMA on Carbon Fibre 
The adsorption of PMMA of two separate molecular weights on the carbon fibre 
substrates were studied. As PMMA is a polymer with basic character, an interaction with 
the acidic surface of a carbon fibre is expected. The SIMS spectrum of PMMA provides 
a range of characteristic ions, previously assigned"' The ion at m/z = 31 in the negative 
mode was selected to be a marker for PMMA, as had been the case for PMMA 
adsorption on polypyrrole128. The ion at m/z =26 in the negative spectrum proves useful, 
again, in characterising the presence of exposed fibre, because the thermoplastic polymer 
does not contain any nitrogen atoms. The other ions used were present in the positive 
spectrum, and are shown in Table 5,8, and their proposed structures are given in Figure 
5.30. 
m/z Composition Origin 
26 CN- Fibre 
31 CH3O- PMMA 
69 C4H5O+ PMMA 
77 C6H5+ Fibre 
115 C9H7+ Fibre 
121 CgH13+ PMMA 
Table 5.8. Peak assignments for the ions used in the quantification procedure for the adsorption of 
PMMA on carbon fibre. 
0 
m/z=77 
00 
m/z=115 
T H3 
CH2 CC0 
m/z=69 
CH3 H3 
+ CH= CH C=C CH C 
m/z = 121 
CH3 
Figure 5.30. Proposed structures for the ions used to distinguish between PMMA and the fibre surface. 
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Figure 5.31. Negative ToF-SIMS spectrum of 100% fibres showing the mass region 0-50 amu treated in 
1g dm 3 PMMA solution for 300 s (followed by rinses in toluene, 3x 120 s). 
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Figure 5.32. Negative ToF-SIMS spectrum of 100% fibres showing the mass region 0-50 amu treated in 
7g dm-3 PMMA solution for 300 s (followed by rinses in toluene, 3x 120 s). 
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The low m/z range of the spectra from 100% treated carbon fibres exposed to relatively 
weak and strong solutions of PMIMA (RMM = 75000) in toluene in the negative SIMS 
mode are shown in Figures 5.31 and 5.32, respectively. If these are compared with the 
spectrum obtained from the fibre surface in Figure 5.8, it can be seen that the ion at 
m/z = 31 is greatly increased for both samples that have been exposed to PMMA, and 
also that the intense peak at m/z = 26 observed in Figure 5.8 is greatly reduced, 
indicating that a layer of PMMA is present on the surface of the fibres exposed to the 
PMMA solution. 
The results obtained when the time of exposure is varied for PMMA with a RMM of 
75000 in order to ascertain when kinetic equilibrium is established are presented in 
Figure 5.33. A similar result is obtained when the fragments m/z = 69 (PMMA) and 
m/z = 77 (fibre) are used to investigate the same effect, illustrated in Figure 5.34. 
In light of the results obtained, it was decided that thermodynamic equilibrium is attained 
within 300 s. Therefore, a similar protocol was applied for the exposure of PMMA 
solution of toluene to carbon fibres to investigate the adsorption characteristics, this time 
using a longer exposure time of 300 s. The rinsing procedure was not altered for the 
PNIMA solutions and therefore remained 3x0.04 dm3 for a duration of 120 s each. 
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Figure 5.33. Graph showing the effect of exposure time on RPI for PMMA (RMM = 75000) on carbon 
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5.3.4.1 Adsorption of PMMA (RMM = 75000 g mol-1 
The adsorption isotherms obtained for the variously treated fibres are presented in 
Figures 5.3 5,5.3 7, and 5.39. Figure 5.35 shows the isotherm constructed using the CN- 
ion to characterise the fibre surface and the CH30- ion as diagnostic of the presence of 
PMMA coverage on the fibre. Figures 5.37 and 5.39 show the results obtained when 
diagnostic ions, shown in Figure 5.30 and Table 5.8, in the positive SIMS mode are used 
to construct the isotherms. 
The graphs of RPI versus concentration appear to show that there is a similar mode of 
adsorption to the amine and DGEBA. There is little discrepancy in RPI between the least 
(1 g dm-') and the most (7 g dm-3) concentrated, indicating that the 1g dm-' solution is 
relatively concentrated for the amount of adsorption sites available. It was noted that 
toluene was not a very good solvent for the polymer, and it seems that it has relatively 
high affinity for the fibre surface, when solvated in a non-polar solvent such as toluene. 
The corresponding Langmuir plots for the appropriate ions used to characterise the 
adsorption of PMMA with a RMM of 75000 are displayed in Figures 5.36,5.38 and 
5.40. The graphs consistently show that there is very little difference in the extent in 
PMMA uptake on the different types of carbon fibre, and that there is possibly a slight 
increase in the uptake of PMMA once the fibres have received some sort of 
electrochemical oxidation. This could be taken as an indication that there is more than a 
monolayer of PMMA adsorbed on the fibres, which would tend to negate the effect of 
any differences observed from one type of fibre to another, because once more than a 
monolayer of a large molecule such as a polymer covers the surface of the fibre, the 
PMMA coverage becomes greater than the analysis depth of the SIMS technique. This 
hypothesis is supported by the relative intensities of the ions with m/z ratios of 26 and 31 
in the spectra shown in Figures 5.8,5.3 1, and 5.32 mentioned earlier. The intensity of the 
ion at m/z = 26 is overwhelmingly reduced even at the lowest concentrations of PMMA. 
However, the straight lines obtained indicate that the Langmuir model describes the 
adsorption of PMMA with a RMM of 75000 reasonably accurately. The S2' and R2 
values obtained from the Langmuir plots are presented in Table 5.9. 
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Figure 5.37. Adsorption isotherm of PMMA on carbon fibres of various treatment. 
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Figure 5.38. Plot of c/RPI vs. c (from Equation (5.11)) for PMMA on carbon fibre. 
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Figure 5.39. Adsorption isotherm of PMMA on carbon fibres of various treatment. 
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Figure 5.40. Plot of c/RPI vs. c (from Equation (5.11)) for PMMA on carbon fibre. 
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Fibre 
Treatment 
0% 25% 100% 
Q, R2 92, R2 S2r R2 
31/(31+26) 0.79 0.999 0.89 0.997 0.90 0.999 
69/(69+77) 0.72 0.999 0.78 1 0.78 0.997 
121/(l 1+115 0.54 0.999 0.55 1.000 0.55 1.000 
Table 5.9. Relative uptake values with R' values for linear regression line (Figures 5.38,5.39,5.40) for 
PMMA (RMM = 75000) on carbon fibres134 . 
The suitability of the Temkin model was tested by plotting RPI versus InC, shown in 
Figure 5.41. The Temkin model is not appropriate in this instance, as it gives a relatively 
poor fit to the data compared to the Langmuir model, indicating that accounting for 
discrepancies in the heat of adsorption for different types of adsorption sites does not 
improve the model for the mechanism of adsorption. Similar results are obtained when 
different sets of ions are used to construct Temkin plots. 
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Figure 5.41. Graph to show the fit of the data to the Temkin adsorption model 
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5.3.4.2 Adsorption of PMMA (RMM = 12000 g mol-1) 
The average molecular mass of the polymer is likely to have an effect on the extent of 
adsorption. The ability of ToF-SIMS to detect such a possible effect was tested by 
repeating the experiment carried out for the PMMA with a greater average molecular 
mass. It has previously been reported that, for polymers adsorbed in neutral solvent, the 
polymer of greater molecular weight is adsorbed preferentially on the substrate 13s It is 
very difficult to distinguish between ions from polymers comprised of the same monomer 
by ToF-SIMS, because here, we are most probably concerned with the adsorption of no 
more than a monolayer of material. At these concentrations, we are unlikely to see a 
discrepancy by detection of molecular ions or high mass fragment. Not only is it thought 
that ion bombardment is incapable of sputtering molecules of masses above m/z = 10000, 
but in order to observe this, cationisation with appropriate ions is necessary (Section 
3.2.9.5). Therefore, it is not realistic to expect to observe differences in the spectra that 
are attributable to an effect in molecular mass. This study therefore concentrated on the 
effect of RMM on the RPI. 
It was assumed that kinetic equilibrium was attained at similar time exposure to the 
PMMA of greater RMM. For solutions of a concentration of 1g dm-3, there are the same 
number of monomeric units present for polymers of different molecular mass. This means 
that there are the same number of functional groups present, but the polymer of lower 
RMM will have a greater number of end units for the same volume of solution. It is 
therefore possible that the number of end units has an effect on the relative intensity of 
certain ions of the PMMA spectrum, and this type of effect has been observed for a 
number of polymers"'. This is one reason why it is important to consider a number of 
ions when reporting S2, values, another being the possibility of contamination on the 
sample surface contributing to one of the ions used in the quantification routine; this 
would be particularly detrimental if some of the samples had been subject to 
contamination, and others had not. 
The adsorption isotherm obtained for PMMA with a RMM of 12000 using the negative 
mode of ToF-SIMS is shown in Figure 5.42, and the corresponding Langmuir plot is 
displayed in Figure 5.43. 
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Figure 5.42. Adsorption isotherm of PMMA (12000) on carbon fibres of various treatment. 
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There is very little difference between Figure 5.42 compared with the graph obtained for 
the adsorption of PMMA with an RMM of 75000 on the same substrate, in Figure 5.35. 
The order of 100% = 25% > 0% for the RPI is still seen, and the actual RPI values are 
similar. This is also seen for the other fragments selected from the positive mode. 
It is apparent from the Langmuir plot shown in Figure 5.43 that there is a major 
discrepancy in the adsorption for PMMA with a RMM of 12000 than for PMMA with a 
RMM of 75000 (Figure 5.36). This can be observed in the difference of the gradient in 
the curve for 100% fibres and 0% treated for PMMA (RMM = 12000). It is not clear 
whether this is a result of the unexpectedly low RPI value obtained for the data point 
with a concentration of 5g dm-' for the 100% treated fibres. It is possible that this 
sample was subject to contamination. The Sir values for PMMA (RMM = 12000) 
presented in Table 5.10 using the ions selected using the positive mode do not show this 
discrepancy in the previously observed trend to such an extent. 
When the values from the positive mode are taken into account, it appears that, as with 
the PMMA (R MM = 75000), there is no significant difference in uptake for untreated 
and treated fibres. It was noted that the ions selected in the negative mode were probably 
the ions that discriminated between fibre and polymer most effectively because the RPI 
was close to zero for fibres that had not been exposed to PMMA, and it was close to one 
when there was a high concentration of PMMA in solution. The importance of selecting 
more than one set of ions is illustrated here, because the Sr values of two other sets of 
ions follow the trend observed for the polymer of high RMK whereas the other set 
contain at least one point that does not appear to fit well with the remaining data. 
However, when the offending data point is removed from the determination of Str a value 
of 0.91 is obtained, and is still lower than that obtained for the untreated fibre. In fact, 
the high SZ, value for the PMMA (RMM = 12000) on the untreated also deviates from 
the trend, when using the ions from the negative mode, and this results in a large 
discrepancy for the data. It is difficult to find a particular reason for this observation, but 
possibilities include: 
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1. A tow was used with a low nitrogen content, resulting in a low CN- signal in the 
SIMS spectrum. A variation in nitrogen content along the tow is observed by XPS, and 
this would cause the intensity of the CN- ion to vary in the SIMS spectrum from sample 
to sample. The fibre would still yield the ions selected from the positive mode because 
these arise as a result of the graphitic nature of the fibre. 
2. There was contamination present on the fibre. In order for this to affect more than one 
result, it would need to affect a relatively large amount of fibre. This is because the 
treatment procedure, outlined in Section 5.2.4 (see Figure 5.5) requires at least 0.15 m of 
fibre. Often, there is a greater separation than 0.15 m, because if any part of the tow is 
subject to handling or comes into contact with a surface such as an unprotected bench 
top it is discarded. If the data is examined, it can be seen that the R2 value is still 
acceptable, and with the possible exception of the point at 7g dm-3, there is no obvious 
candidate to discard. 
3. There was contamination present in the solution. This could occur and leave a 
non-uniform layer on the surface of the fibre, or compete for adsorption sites with the 
PMMA molecule. The results pertinent to this experiment were acquired last, so the 
solutions would have had more opportunity to become contaminated. It is thought that if 
one solution became contaminated that all results obtained using this solution would 
show the same deviation from the trend previously observed. 
The graph obtained when RPI vs. 1nC is plotted is shown in Figure 5.44. This should give 
a straight line if the Temkin model describes the adsorption mechanism of PMMA with a 
RMM of 12000 on the carbon fibre surface accurately. The poor fit to the data indicates 
that the Temkin model is not a good model for the type of adsorption. In this case, 
because of the reversal in the trend observed in the S2, r values 
for the m/z = 26 and 
m/z =31 in the negative mode, another set of ions was investigated. The results are 
plotted in Figure 5.45. 
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Fibre 
Treatment 
0% 25% 100% 
f2l R2 f2r R2 K-2, R2 
31/(31+26) 0.94 0.990 0.92 1.000 0.86 0.967 
69/(69+77) 0.76 0.993 0.80 0.999 0.77 0.999 
121/ 121+115 0.45 0.996 0.47 0.999 0.47 1.000 
Table 5.10. Relative uptake values with R` values for linear regression line (Figure 5.43) for PMMA 
(RMM = 12000) on Carbon Fibres. 
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Figure 5.44. Graph to show the lack of fit of the data to the Temkin adsorption model 
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Figurc 5.45. Graph to show the fit of the data to the Temkin adsorption model. 
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5.3.4.3 Effect of Molecular Mass 
The effect of molecular mass on the mode of adsorption can be investigated by 
comparing the RPI values of the same ions for PMMA on the same substrate. The effect 
is likely to be small, because the chemical interactions occurring between the PMMA 
molecules and fibres that have received the same electrochemical oxidation treatment 
should be identical, and the solutions of equivalent concentration will contain the same 
number of monomer units. Therefore there should be the same number of possible 
interactions between one fibre surface and PMMA solutions of the same nominal 
concentration but of different RMM. The only difference present is that there will be 6.25 
molecules with an RMM of 12000 for every molecule with an RMM of 75000. This will 
lead to a greater capacity of adsorption of the smaller molecule, provided that the 
following assumptions hold true. 
1. There are a greater number of adsorption sites per unit area of fibre surface than that 
of the PMMA molecule, otherwise the greater number of molecules in the solution of the 
smaller polymer molecules will not make a difference in the amount of material adsorbed 
on the fibre. 
2. The polymer chains are anchored at one specific adsorption site, in keeping with the 
assumptions hypothesised by Langmuir. If the adsorption mechanism requires more than 
one adsorption point, and the separation between adsorption sites on the fibre approach 
the dimensions of the smaller molecule, this will have a detrimental effect on its ability to 
adsorb on the surface, compared with the larger molecule. 
The surface appears to be heterogeneous in nature, possessing a number of pores which 
are opened to a greater extent after electrochemical oxidation. However, the spectrum of 
a fibre after exposure to PMMA indicates that there is a uniform covering PNIMA on the 
fibre. This suggests that the adsorption sites and therefore, probably, the edge planes 
recur on the surface at intervals that are smaller in cross-section than the adsorbate. 
The effect of molecular mass is illustrated in Figures 5.46-5.50, by comparison between 
the Langmuir plots of PMMA on fibres of the same oxidation treatment. 
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Figure 5.46. Graph showing the effect of molecular mass on the adsorption of PMMA on untreated 
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Figure 5.47. Graph showing the effect of molecular mass on the adsorption of PMMA on untreated 
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Figure 5.48. Graph showing the effect of molecular mass on the adsorption of PMMA on 25% treated 
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Figure 5.49. Graph showing the effect of molecular mass on the adsorption of PMMA on 25% treated 
fibres 
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Figure 5.50. Graph showing the effect of molecular mass on the adsorption of PMMA on 100% treated 
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Figure 5.51. Graph showing the effect of molecular mass on the adsorption of PMMA on 100% treated 
fibres 
The Q, values are presented again for clarity. 
Fibre 
Treatment 
0% 25% 100% 
RMM 12000 75000 12000 75000 12000 75000 
31/(31+26) 0.94 0.79 0.92 0.89 0.86 0.90 
69/(69+77) 0.76 0.72 0.80 0.78 0.77 0.78 
121/(121+115 0.45 0.54 0.47 0.55 0.47 0.55 
Table 5.11. Relative uptake values for PMMA of varying RMM on Carbon Fibres. 
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The values shown in Table 5.11 do not appear to contain conclusive data. There does not 
seem to be any substantial consistency in the SZ values obtained, either in increasing the 
average RMM of the adsorbate, or the oxidation treatment of the fibre. In fact, the only 
clear trend that can be drawn on is that shown for the Sir values calculated from the 
peaks at m/z = 115 and 121, that suggest there is no difference in adsorption as the fibre 
oxidation increases, yet there is an increase in adsorption as the average RMIM is 
increased. It is possible that this effect occurs as a result of the effect that the increase of 
RMM has on the intensity of the m/z = 121 on the mass spectrum. The ion is 
characteristic of the backbone of the polymer, and so could be more intense in the 
polymer with the greater molecular mass. It is not envisaged that this will have a 
significant effect on the ion intensity of the spectrum, but the fact that the other two ions 
do not show such a clear trend results in the inconclusive nature of the results. It does 
appear that an effect of morphology of the fibre is not observed in the adsorption of these 
two polymer molecules by the SIMS technique. 
5.4 Discussion and Conclusions 
At ambient temperature in the absence of a catalyst, the epoxide functional group present 
in DGEBA is assumed to react only with carboxylic acid and phenolic groups present on 
the fibre surface, as these are expected to be acidic enough to open the strained epoxy 
ring. The amine group contained in the curing agent is expected to adsorb readily, 
interacting with the acidic groups mentioned previously, as well as lactam/amide and 
hydroxyl functional groups thought to be present in significant quantities on the surface 
of electrochemically oxidised carbon fibres. PMIMA contains basic ester groups which 
interact with the acidic surface of the fibres, and it is envisaged that PMMA molecules 
can adhere sufficiently to prevent being washed off by interacting chemically or physically 
at a number of points on the surface, as the polymer molecules used were quite large 
(RMM = 12000 and 75000 g mol"' ). 
All the isotherms constructed were found to be well described by Langmuir adsorption. 
This is not thought to imply that the adsorption sites present on the fibre surface interact 
with exactly the same heat of adsorption 
(i. e. the same type of functional group is 
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introduced in a uniform manner across the surface) but that there are a finite number of 
sites on the surface whose energy of interaction is of a similar order of magnitude. This is 
surprising considering the roughness imparted to the fibre surface following 
electrochemical treatment49 
The adsorption isotherms have shown that there is a significant increase in the adsorption 
of DGEBA when carbon fibres are electrochemically treated to at least 25%. In contrast 
to the adsorption characteristics of the epoxide, the curing agent however, does not show 
a great variation in uptake between untreated and treated fibres. The explanation for this 
observation maybe that the amine can interact with other functional groups on the fibre 
surface such as lactam (cyclic amide), phenol and alcohol groups (see Figure 5.52) 
because of its greater basicity. If these are present in a far greater concentration than the 
carboxylic acid groups introduced by surface treatment then an increase in relative 
uptake will not be so pronounced. This does suggest that there is a significant 
concentration of functional groups on the surface of an untreated fibre, and that they are 
incapable of chemically reacting with an epoxide functional group under these conditions. 
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Figure 5.52a. Interaction of a primary amine with an alcohol group by hydrogen bonding. 
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Figure 5.52b. Acid-base interaction between a primary amine and a phenol group. 
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In terms of thermosetting matrices, it is noteworthy that the adsorption of the amine 
curing agent on the carbon fibre surface appears to be rather high but contrary to 
expectation, strikingly insensitive to the degree of fibre treatment. A slight increase in 
amine adsorption is observed with increasing fibre treatment, in marked contrast to the 
behaviour of DGEBA, where the level of adsorption is increased by at least 50% by the 
surface treatment procedure. However, there does appear to be little difference between 
the 25% and 100% surface treatment. It has been reported anecdotally by several 
workers, that amine curing agents from epoxy matrices, adhesives, and organic coatings 
can aggregate at the inorganic/organic interface. The driving force for this phenomenon 
might be either the strength of interaction between the amine and the substrate or the 
rejection of excess curing agent from the bulk resin. Bearing in mind the insensitivity of 
amine adsorption to the level of carbon fibre surface treatment the latter explanation 
would now seem to be the more realistic. The behaviour of DGEBA uptake with fibre 
treatment correlates well with observed mechanical properties, whereas the adsorption of 
amine is relatively insensitive to the degree of fibre treatment. Thus in the fabrication of 
thermosetting matrix composites using oxidised fibres, it would appear that in the 
presence of stoichiometric quantities of curing agent, the interphase region would be 
depleted in curing agent but enhanced in the resin material as a result of the increased 
propensity of the oxidised fibres to adsorb DGEBA. This leads to enhanced load bearing 
capabilities with CFRP fabricated from oxidised fibres. 
In the case of thermoplastic matrices the result is rather different. There is very little 
variation in the quantity of PMMA adsorbed on each type of fibre under these conditions, 
with ToF-SIMS results indicating that coverage does not differ more than ±15%. Thus 
the extent of adsorption does not change dramatically with surface treatment and it is 
appropriate to consider the role of surface topography. Zhdan et al136 have recently 
shown by in-situ AFM that the surface treatment of carbon fibre increases the roughness 
substantially and it is likely that the increased density of bonds/unit area is responsible for 
the slight increase in adsorption and any improved mechanical properties observed. There 
are a number of possibilities that will affect the actual amount of material adsorbed on the 
surface. However, it is likely that the adsorption sites on the surface exist in patches i. e. 
edge planes, and within the patches, are not separated by a distance which is large 
relative to either PMMA molecule. Given that the m/z = 26 ion is reduced to such a great 
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extent when comparing Figures 5.8,5.31, and 5.32 (the same effect is observed for the 
spectra recorded from fibres exposed to PMMA with a RMIM of 12000), it also appears 
likely that the distance between one patch of surface containing edge planes and another 
is smaller than the size of either polymer molecule, leading to a complete coverage of the 
surface by PMMA. In this instance, the surface topography of the adsorbent was not of 
the correct dimensions to play a significant role in the amount of polymer adsorbed on 
the fibre surface. 
ToF-SIMS has shown itself to be a reliable and reproducible technique for the study of 
adsorption of organic molecules on carbon fibre substrates. The high sensitivity and 
chemical specificity of the technique were necessary to distinguish the adsorbate from the 
substrate at low coverages. 
Adsorption of DGEBA, the amine curing agent, and PMMA have all been shown to 
conform to Langmuir adsorption on untreated and treated carbon fibres. 
The electrochemical oxidation procedure was found to result in a significant increase in 
the quantity of DGEBA adsorbed by the carbon fibre, implying a modification to the 
surface chemistry of the fibre. The same phenomenon was not observed for the amine 
curing agent or for PMMA, implying that the untreated fibre also possesses a significant 
number of adsorption sites, that are of a different nature to those present on the surface 
of a treated fibre, which are more attractive to DGEBA. 
The following chapter analyses the applicability of the quantification routine used in this 
chapter to measure the relative uptake of organic molecules on carbon fibre surfaces that 
had received varying oxidation treatments, and considers the physical meaning of the RPI 
and Str values calculated in order to form ideas on the mode of adsorption occurring at 
the fibre surface. 
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Chapter 6 
Interpretation and Evaluation of Adsorption 
Isotherms Obtained by ToF-SIMS 
6.1 Physical Significance of RPI 
In the previous chapter, it was noted that the data obtained by ToF-SIMS is well 
described by the model proposed by Langmuir. This is perhaps surprising because the 
surface is not expected to be homogeneous. However, if there are a finite number of 
adsorption sites on the surface, where there are only slight variations in AHads and all 
have finite negative values, then it is likely that once equilibrium has been attained the 
amount of material adsorbed on the fibre surface will follow a Langmuir type 
adsorption mechanism. 
Firstly, the meaning of RPI must be considered. The definition of RPI is shown in 
Equation (5.9), reveals it to be a unitless quantity. 
lads 
RPI = (5.9) 
lads + Isub 
It can be seen that, if there is no contribution to Iads, then the RPI is 0, and if there is no 
signal from Isub, then the RPI is 1. Therefore, the RPI will always lie between 0 and 1, 
and if Iads is small compared to Isub, it will be subject to large variation. 
Implicit to this quantity RPI, is the ionisation probability of the molecular fragment 
involved. For example, there were two ions selected as being characteristic of the fibre 
surface for the adsorption of curing agent, m/z = 57, and m/z = 75. The SIMS 
spectrum of a carbon fibre reveals that the ion at m/z = 57 is the most intense. 
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Therefore, the value of RPI will always be lower than the value for RPI when the ion 
at m/z = 75 is used, when the same ion is selected to characterise the presence of the 
adsorbate. This indicates that the value of RPI is by no means an absolute measure of 
the concentration of adsorbate on the surface of the substrate. 
If adsorption follows a Langmuir-type isotherm, then the limiting value of RPI for the 
adsorption of a complete monolayer will still give a value of 1, providing that the signal 
from the substrate is totally suppressed at monolayer coverage. In reality, this is not 
likely to be the case, particularly in the case of carbon fibres because we are dealing 
with a heterogeneous surface, where the coverage is likely to be patchy, with 
adsorption occurring where the edge planes are revealed on the surface. The expected 
variation of RPI with concentration for Langmuir adsorption is illustrated in Figure 
6.1. 
RPI 
Concentration 
Figure 6.1 Ideal variation of RPI with concentration for Langmuir adsorption on a substrate 
Therefore, if an ion from the substrate has a relatively intense signal, its limiting value 
of IN, will fall below the corresponding I, 4 value for an ion with a less intense signal. 
Although this is not a particularly useful value in itself, it shows that if two ions that 
differ greatly in their intensity are chosen to calculate RPI, then slight variations in one 
peak intensity will not give a great variation in the RPI value. It is therefore better to 
select ions that have similar ion intensities in the spectrum, as variations will be more 
obvious in the RPI. In the case of PMMA adsorption on carbon 
fibre, it can be seen 
that even at the lowest concentrations used, the peak at m/z = 26 is nothing like as 
intense as that observed for the unexposed fibre. It was unfortunate that this ion was 
subject to variation due to an unknown source, as was remarked previously, otherwise 
this would have proven to be an ideal ion to use to characterise the exposed substrate. 
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In the previous chapter, Figure 5.1 proposed that the normalised signal from the 
substrate ion was a measure of the fraction of exposed substrate. The most accurate 
estimation of the quantity of adsorbate on the surface would be obtained if the total 
signal from all fragment ions due to the adsorbate present were summed. Thus: 
Fads = lads I+ Iaas2 + Iaass + ... 
6.1 
Similarly, for the substrate, 
I sub = Isub 1+ 
Isub2 + Isub3 +""" (6.2) 
In this approach, the total intensity of the spectrum should be equal to Fads + I'sub. 
However, the signal from inorganic ions, particularly elemental ions, is thought to 
originate from a greater depth than that of organic ions. Thus it becomes unclear 
whether these should be subtracted from the total spectrum intensity. In addition to 
this, there will be a number of peaks in the spectrum that will be characteristic of both 
the substrate and the adsorbate, a situation which will confuse the matter of 
quantification further. It is also known that a very small percentage of fragments that 
are sputtered from the surface are charged, resulting in a large proportion of the 
material sputtered eluding detection by the SIMS technique. This means that there is 
no hope of achieving a total quantification of species within the analysis area. 
Therefore, it is assumed that: 
lads C)C Fads (6.3) 
However, this quantity is still not proportional to the concentration of the adsorbate 
present on the surface. It is also assumed that this relationship holds true for the signal 
from the substrate, and when these two quantities are summed, they represent a true 
measure of the total surface signal. In order to obtain a meaningful idea of the relative 
concentration of the adsorbate on the surface, the signal from the adsorbate must be 
normalised to the ratio of the total signal. The RPI value is therefore a measure of the 
surface coverage, 0, but it is not possible to say whether RPI is directly proportional to 
6. The shape of the curves obtained when RPI is plotted against concentration is very 
similar to that seen for a plot of 
0 versus p/po in gaseous adsorption isotherms when 
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adsorption is following a Langmuir-type adsorption mechanism. This is a possible 
indication that a similar type of adsorption mechanism is occurring for organic 
molecules on carbon fibres, but it is yet to be established whether RPI is a direct 
measure of 9. 
It has been stated that different ions have different ionisation potentials and that such a 
discrepancy will have an effect on the RPI. This leads to an error occurring when the 
RPI's are compared using different ions that are diagnostic of the adsorbate or 
substrate. The effect that ionisation probability has on the final RPI values for two 
hypothetical ions is summarised in Table 6.1. 
Ion 1 Ion 2 Relative Ip 
of Ion 2 
Substrate RPI of 
Ion 1 
RPI of 
Ion 2 
100 20 0.2 0 1 1 
90 18 0.2 10 0.9 0.643 
80 16 0.2 20 0.8 0.444 
70 14 0.2 30 0.7 0.318 
60 12 0.2 40 0.6 0.231 
50 10 0.2 50 0.5 0.167 
40 8 0.2 60 0.4 0.118 
30 6 0.2 70 0.3 0.079 
20 4 0.2 80 0.2 0.048 
10 2 0.2 90 0.1 0.022 
0 0 0.2 100 0 0 
Table 6.1. Theoretical results following the hypothesis outlined in Section 5.1.5. Ip = Ionisation 
probability. 
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Figure 6.2. Graph illustrating the effect of ionisation probability on the value of RPI. Legend: Q Ion 
with a relative ionisation probability of 1; 
A Ion with relative ionisation probability of 0.2. 
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Table 6.1 shows two hypothetical ions that obey the theory illustrated in Figure 6.1, 
where Ion 2 has an ionisation probability of 0.2 of Ion 1. As a result the intensity of 
that ion is always one-fifth of Ion 1. If the intensity of the substrate ion behaves linearly 
as the coverage of the surface increases, then the values of the fourth column show the 
signal intensity for an ion with the same ionisation efficiency as Ion 1. If these values 
are used to calculate RPI of each theoretical adsorbate ion, using the same substrate 
ion, the values in the right hand columns are obtained. The non-linear effect is clearly 
observed in Figure 6.2 by plotting the theoretical RPI versus theoretical concentration. 
The graph in Figure 6.2 illustrates the intrinsic flaw in using RPI to compare systems 
using ions with different ionisation probabilities. Therefore, if an error free diagnosis of 
the relative surface coverage of the adsorbate present on the partially covered surface 
is to be developed, the effect of ionisation probability must be removed, because a 
similar artifact will also affect the ion characteristic of the substrate. Therefore, a 
method of removing the effect of this non-linearity between different ions was 
attempted, by first of all investigating the way in which the ions behaved as the surface 
coverage varied. 
6.2 Variation of raw data with adsorbate coverage 
The hypothesis outlined in the text discussing the applicability of Figure 5.1 can be 
investigated by plotting a graph of Iads versus Isub. If the variation of Iads and Isub is linear 
with coverage, then lads + Isub will be a constant, resulting in the hypothetical 
relationship presented in Figure 6.3. This assumes that all other conditions, such as ion 
dose and beam flux remain constant, across an ideal surface. In effect, this signal 
should be normalised. However, this would introduce the possibility of incurring an 
error from the normalisation procedure, because the intensity of the ion characteristic 
of the substrate may vary in a different manner to that of the ion characteristic of the 
adsorbate, relative to the ion used to normalise both signals. In a real system, a graph 
of lads VS. Isub will differ from the ideal situation envisaged in Figure 6.3 because a 
normalisation step has not been included. In this case, it is the relative distance 
from 
each axis that defines the adsorbate/substrate character of the surface 
investigated, 
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portrayed in Figure 6.4. This should follow the relationship x= ny, where the value of 
n is a measure of the relative coverage, and which should pass through the origin. i. e. 
the closer the line is to the Iads axis, the greater the surface coverage. 
x 
x 
x 
x 
x 
x 
x 
x 
Figure 6.3. Hypothetical graph obtained if lads + Isub = Constant. 
I sub 
lads 
Figure 6.4. Hypothetical graph showing the expected data spread using non-normalised intensities for 
a graph of Isub VS. Iad. Co = zero coverage, C,, = intermediate coverage, Cm = maximum coverage. 
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An example of this type of plot is displayed in Figure 6.5. Included in the legend are 
the values of the raw Iads data in order to aid identification. This is a good example of 
the sum of Iads and Isub being relatively constant, and obeying the relationship outlined 
in Figure 6.3. However, it can also be seen that there is a tendency for the results from 
one particular sample to be associated with each other, rather than fall into the trend 
outlined in Figure 6.4. It is reassuring to observe that the data from the sample that had 
not been exposed to PMIMA was located very close to the y-axis, as predicted in 
Figure 6.4. The subtle relationship between Iads and Isub is explored further here. 
Figures 6.6 and 6.7 shows the same type of plot discussed above for 25% and 100% 
treated fibres. 
The plots for the treated fibres reveal that there is a more complex relationship here. 
Not surprisingly the data acquired from the same sample is generally associated closely 
within the graph. However, it is surprising to observe that in some cases, (e. g. the 
100% treated fibres) the samples exposed to the most concentrated solutions do not 
appear to yield the greatest number of counts of the ion originating from the adsorbate. 
Where this is the case, most points found to the right of this (increasing Iads) are also 
found further up the y-axis, indicating a greater Isub character. This is also indicating 
that the signal from the substrate has not been totally suppressed. Whilst this is not 
thought likely to occur for the small organic molecules employed, it is possible for 
large polymer molecules as they could cover a large amount of the surface. 
The effect of using different ions to investigate this effect is shown below in the 
Figures 6.8,6.9, and 6.10, using m/z = 69 (PMMA) and m/z = 77 (fibre) from the data 
obtained by SIMS in the positive mode. In the case of the 100% treated fibres, the 9g 
dm-' data does not appear to fit in with any trend so far observed. For this reason, it 
was not included in the data that was used to calculate 52r values in Section 5.3.4.1. 
This resulted in an R2 value that was closer to one in the relevant Langmuir plots 
previously presented in Figure 5.36,5.38, and 5.40. 
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Generally, the points for all these plots follow the straight line relationship expected 
from Figure 6.4, although there are discrepancies in the variation of gradients between 
the plots. This is noted most readily in the negative mode when considering the zero 
concentration sample which lies very close to the Isub axis as expected, and the other 
samples which had been exposed to the PMMA solution, which were found in a self- 
associated band a great deal closer to the Iads axis. This agrees with the observation 
that the RPI for PMMA is consistently close to unity in all samples exposed to PMMA 
containing solutions, which was taken as an indication that the lowest concentration of 
PMMA solution used contained enough solute to cover the fibre surface to a similar 
degree as the more concentrated solutions. 
The samples that were not exposed to PMMA solution have a contribution from the 
fibre to the m/z = 69 peak. From the appearance of the spectra, it was deemed that this 
was a relatively minor effect, and would not adversely affect the quantification 
procedure. The data obtained for these ions do not follow the relationship outlined in 
Figure 6.3, and in this instance the points from the zero concentration sample are much 
more closely associated with the other data points, although if a line-of best-fit was 
drawn through the data, the gradient found would differ greatly from the samples that 
had been exposed to the PMMA solution. This perhaps is an indication that a 
normalisation routine would be a desired step prior to the determination of the RPI. 
The equivalent data for the adsorption of DGEBA on the fibres was also plotted, and is 
displayed in Figures 6.11,6.12, and 6.13. The data obtained for the adsorption of 
DGEBA on untreated fibres, shown in Figure 6.11, shows that the zero concentration 
sample does not yield points that lie significantly closer to the y-axis (substrate) than 
the other samples. The x-axis (adsorbate) is expanded compared to the graphs 
for the 
oxidised fibres in Figures 6.12 and 6.13, giving a false impression that the points 
in the 
graph of the unoxidised fibres lie closer to the x-axis (adsorbate). 
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The plot in Figure 6.11 merely illustrates that there is little uptake observed in the 
spectra of the unoxidised fibres compared to the zero concentration sample. This is in 
contrast to both types of oxidised fibre, where the zero concentration samples both 
yield points that are closest to the y-axis (substrate), although this effect is a minor 
one. It is interesting to note that, where the oxidised fibres are concerned (Figure 6.12 
and 6.13), only the most concentrated solution (2.25x10-2 Mol dm-') that had been 
exposed to 25% treated fibres, gave data that did not concur with the expected result 
predicted in Figure 6.4. 
A similar story unfolds for the adsorption of the amine curing agent on the three types 
of fibre. The graphs plotted in Figures 6.14,6.15, and 6.16 are the Iads VS. Isub plots for 
the amine adsorption on 0%, 25%, and 100% fibres, respectively. In this case the zero 
concentration sample is always found significantly closer to the y-axis (substrate) when 
compared to those exposed to the amine molecule, indicating that adsorption of some 
material has taken place, including the unoxidised fibres. However, increasing the 
concentration of the amine appears to have little effect in regards of moving the points 
closer to the x-axis (adsorbate), possibly indicating the adsorption sites on the 
unoxidised fibres are covered at low concentration, and that they have a lower capacity 
for adsorption than the oxidised fibres. This was the conclusion when this data was 
used to calculate the SZr values in Section 5.3.2. 
6.3 Quantification in SIMS and the removal of the effect of 
Ionisation Potential 
The overall picture that emerges from this type of data analysis is that, for most of the 
sets of data, there are clusters of data points from the same samples that are closely 
associated with each other. This indicates that experimental conditions play an 
important role in the count rate and quality of data. Therefore, in order to compare 
data between experiments, there are two important criteria that need to be addressed. 
These are that the spectra should be normalised, and that there is a requirement to 
obtain a measure of the relative intensities of the signals originating from the fibre and 
the asdsorbate. In fact, the RPI does address these two issues, yet it is deemed likely 
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that the ionisation probabilities introduce a non-linear effect to the final RPI values. 
The consideration of this effect led to a different approach to quantifying and 
normalising the raw data. Firstly, there is a need to normalise the data, thus removing 
effects of that occur from variations in beam current and other instrumental settings, 
and topographical differences in the samples analysed. This is done by dividing the 
intensity of the substrate or adsorbate peak by the total number of counts in the 
spectrum. Then, the ratios obtained are quantified using the following equation. 
e= NRPI = RCs - 
Cmin) / (Cmax 
- 
Cmin)] (6.4) 
[(Cx 
- 
Cmin) / (Cmax 
- 
Cmin)j + [(C'x - 
C'min) / (C'max 
- 
C'min)] 
NRPI = Normalised Relative Peak Intensity 
C:, = Integrated peak area of normalised peak originating from adsorbate molecule. 
Cmax = Integrated peak area of normalised peak originating from adsorbate molecule of 
the spectrum obtained with the most concentrated solution. 
Cý.. j,, = Integrated peak area of normalised peak originating from adsorbate molecule of 
the spectrum obtained with solution of zero concentration. 
C°x = Integrated peak area of normalised peak originating from the substrate. 
C°max = Integrated peak area of normalised peak originating from the substrate 
of the spectrum obtained with solution of zero concentration. 
C°min = Integrated peak area of normalised peak originating from the substrate 
of the spectrum obtained with the most concentrated solution. 
When Cx = Cm, x, then the term 
[(Cx - Cm;, ) / (Cm, x - Cmu, 
)] = 1. Also, when this is the 
case, then C°x = C°min, and the term [(C°x - C°min) / (C°max C°min)] = 0. In effect this 
assumes that all adsorption sites on the surface are occupied for the most concentrated 
solution used, because here, 0=X/ Xn, oc 1. In a similar treatment, the NRPI value 
will tend to zero when Cx = Cmin. This assumption is correct because 
it assumes that at 
zero concentration there are no sites occupied, and any contribution 
from the substrate 
to the peak selected to represent the presence of the adsorbate is removed. 
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Figure 6.17. Graph comparing the effect of altering the adsorbate ion on the NRPI, using the m/z = 
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Figure 6.18. Graph comparing the effect of altering the adsorbate ion on the NRPI, using the m/z = 
75 ion to characterise the substrate material for 100% fibres. 
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The plots presented in Figures 6.17 and 6.18 show the results obtained when the data 
for the adsorption of curing agent on 100% treated fibres for a range of ions. If the 
adsorbate molecule is subject to Langmuir-type adsorption, then plotting a graph of 
NRPI versus C should give the familiar curve observed when the RPI was used, this 
time giving a true measure of the surface coverage irrespective of the ions employed. 
Similar curves are found when either the m/z = 57 ion or the m/z = 75 are used to 
characterise the presence of exposed substrate material, indicating that this is an 
effective data treatment method to remove the effect that the ionisation potential of 
each individual ion plays on the intensity of that ion observed in the spectrum. 
However, it is apparent that the signal is very weak for the m/z = 75 ion compared to 
the signal obtained from the adsorbate, and as a result, all NRPI values tend to one. 
The discrepancy observed between the curves can be accounted for by realising that 
the carbon fibre has a heterogeneous surface, and the ions used to characterise the 
substrate may be formed from parts of the surface that have subtly different 
compositions. It was tentatively assumed in Section 5.3.2, that the ion with an m/z = 
75 was a hydrocarbon fragment that arose from the highly graphitic structure of the 
fibre surface, and therefore likely to emanate from a portion of the surface rich in basal 
plane character. This is in contrast to the ion with an m/z = 57, thought to be an 
oxygen containing ion, and therefore more inclined to be emitted from a patch that 
would be sensitive to oxidation, i. e. an edge site. A sub-structure of the surface 
containing a heteroatom such as oxygen will be more likely to be capable of interacting 
with an adsorbate molecule containing an amine group, and should therefore respond 
differently in such an experiment than a portion of the surface that possesses mostly or 
totally basal plane character. 
These results here are inconclusive, despite the promising curves obtained because the 
NRPI values tend to one when the value of the term [(C°X - C°mi) / (C°max - C°R, u, )] is 
very small compared to the value of the term [(Cx - Cmi,, ) / (Cmax - Cmit, )]. The lads 
versus Isub plots showed that the behaviour of the substrate ion with 
increasing 
coverage was not ideal as predicted in Figure 6.3, and this highlighted a problem with 
this approach to quantification. If Cox does not decrease or only decreases slightly with 
coverage of the adsorbate, then the value of (Cox - C°min) remains at near zero or can 
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even turn negative. As (C°X - C°min) approaches zero, NRPI tends to 1. This situation 
could arise if the ion that characterises the substrate originates from patches of the 
surface that do not interact with the adsorbate (e. g. the basal plane), where the signal 
will not be suppressed with increasing coverage, and Cox C°, t,; n. Generally it was 
found that at low concentrations, the equation used could become unstable because 
(CX - Cmin) is near zero at low coverage. This means that small variations 
in the 
substrate signal have a profound effect on the NRPI value, especially if negative values 
are recorded, by virtue of the C,,; n values being found to 
be larger than some of the Cx 
values. 
If the other substrates are interrogated with the same regime, it can be seen that there 
are major variations when the ion characterising the substrate is changed, and major 
deviations from the data that should be obtained from a Langmuir-type adsorption, 
shown in Figures 6.19 and 6.20. Some of the NRPI values are negative, which means 
that one of the values that is representing a minimum value is actually greater than the 
reading from either the maximum or the partial coverage. This is an indication that the 
intensity of the ion characterising the substrate does not decrease as the coverage 
increases. The results for the untreated fibres are shown below in Figures 6.21 and 
6.22, showing a similar trend to the 25% oxidised fibres in the sense that negative 
NRPI are observed for low coverages of the amine on the fibre surface. In fact, for 
nearly all the plots of NRPI versus concentration shown involving amine adsorption on 
carbon fibres, the results obtained at very low concentrations vary a great deal, 
sometimes showing large negative or positive values. This is thought to arise because 
the equation used becomes unstable when the concentration is very low, and the value 
of Cx is close to that of C°m, x. It is unfortunate that this 
instability manifests itself at 
low adsorbate signals, because the effect of ionisation probability appears to have 
been 
successfully addressed, with respect to the adsorbate molecule at least, which was the 
original aim of applying this data treatment. 
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Figure 6.22. Graph comparing the effect of altering the adsorbate ion on the NRPI, using the m/z = 
75 ion to characterise the substrate material for 0% fibres. 
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Now that the effect of ionisation potential has been greatly reduced, it would seem to 
be sensible to apply Equation (5.11) to the data obtained, this time substituting the RPI 
values calculated from Equation (5.9), with the value for the NRPI from Equation 
(6.4). As this NRPI value should be directly related to 6, the fractional surface 
coverage, it should be possible to calculate Str values that are a measure of the 
monolayer coverage, XM, and b values that are a true measure of the ratio of the rate 
constants for adsorption and desorption of the adsorbate onto and from the substrate 
surface. However, it has been shown that some of the NRPI values calculated for the 
amine coverage have negative values, and it was uncertain whether this would give a 
true measure of b. Therefore, in the following section the results obtained when using 
PMMA as the adsorbate are presented, as this provided a more uniform coverage, and 
therefore no negative NRPI values were observed for any ions used to characterise 
adsorbate and substrate. 
6.4 Calculation of Adsorption Constants and the effect of 
RMM on PMMA Adsorption on Carbon Fibres 
Another reason for further investigating the uptake of PMIMA is because there were 
two different molecular weights of this molecule studied. Once a true value for the 
surface coverage, 0, and monolayer coverage, Sir, is calculated, a discrepancy between 
the uptake for each PMMA molecule may be observed. Although there will be no 
difference in chemical interaction between either PMMA molecule and the particular 
fibre studied, the reasoning behind this statement lies in the assumption that the 
morphology of the surface and the size of the polymer molecules will play a part in the 
total capacity (assuming Langmuir adsorption, Str) of PMMA adsorption by the fibre in 
question. It is difficult to gauge the actual dimensions involved here, because the fibre 
possesses an unknown roughness, and the polymer molecules will exist in a variety of 
configurations. In toluene solution, they are likely to be curled up on themselves in a 
ball-type configuration, because they are polar molecules in an apolar solvent, whereas 
on the fibre surface, they are likely to be anchored at points on the surface, and curled 
up in other parts of the molecule that do not interact with the fibre surface so 
effectively, i. e. in a configuration analogous with loops and trains on the surface. 
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Figure 6.23. Normalised RPI values for PMMA adsorption on 100% oxidised fibres. Legend: 
-+- RMM 12000; --T- RMM 75000 
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Figure 6.24. Normalised RPI values for PMMA adsorption on 25% oxidised fibres. Legend: 
--w- RMM 12000; --0- RMM 75000 
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Figure 6.25. Normalised RPI values for PMMA adsorption on 0% oxidised fibres. Legend: 
-*- RMM 12000; --x- RMM 75000 
RMM = 12000 RlV M= 75000 
SZ, R2 b Str R2 b 
0% 1.048 0.978 1.801 1.001 0.996 8.922 
25% 1.003 0.999 24.329 1.004 0.998 6.773 
100% 0.982 0.990 7.921 0.987 0.998 26.043 
Table 6.2.52r, R`, and b values for PMMA adsorption on various carbon fibres, with Ia& = m/z = 31 
and Isub = m/z = 26, in the negative ToF-SIMS mode. 
R MM = 12000 R MM = 75000 
SZý R2 b f2, R2 b 
0% 1.511 0.502 0.252 1.550 0.907 0.422 
25% 1.612 0.536 0.227 0.861 0.794 -5.383 
100% 0.830 0.810 0.996 0.942 0.640 3.824 
Table 6.3. Str, R2, and b values for PMMA adsorption on various carbon fibres, with lad, = m/Z = 121 
and Isub = m/z = 115, in the positive ToF-SIMS mode. 
RMM = 12000 RMIvI = 75000 
fil R2 b n, R2 b 
0% 1.379 0.529 0.746 1.500 0.850 0.524 
25% 0.349 0.603 1.323 0.786 0.659 -2.898 
100% 0.739 0.409 -32.059 0.843 0.621 -2.473 
Table 6.4. SZr, R,, and b values for PMIMA adsorption on various carbon fibres, with lads = m/z = 69 
and Isub = m/z = 77, in the positive ToF-SIMS mode. 
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However, a more efficient packing at the surface of one of the polymer molecules 
should lead to an increase in the relative signal observed by SIMS and therefore if such 
an effect occurs, it may well be observed in such a study. Figure 6.23 shows a graph of 
the c/NRPI vs. c for PMMA of both molecular weights on 100% oxidised fibres using 
the ions already quantified in the previous chapter in the negative ToF-SIMS mode. As 
with the c/RPI vs. c plots shown in Section 5.3.4.3, the data gives a good straight line 
fit and there is little discrepancy to be seen in the magnitude of the gradients between 
the polymers with different RMM on the same substrate. This is also the case for the 
other two substrates, shown in Figures 6.24 and 6.25. 
The corresponding Q, and b values calculated using Equation (5.11) for the adsorption 
of PMMA on carbon fibres using various ions used previously are presented in Tables 
6.2,6.3, and 6.4. The straight lines obtained from the Langmuir plots using the ions in 
the negative ToF-SIMS mode shown in Figures 6.23,6.24, and 6.25 appeared to 
contain promising data, and give good fits to the points plotted in all the graphs. 
Unfortunately, there is no discernible trend that appears in the data presented in Tables 
6.2,6.3 and 6.4, and in fact the original data presented in the previous chapter provides 
a better fit than when the NRPI values are used. Also, the trends that were tentatively 
picked out from Tables 5.10 and 5.11 are no longer apparent when the NRPI is used to 
follow the adsorption of PMMA on carbon fibres, and the b values that are shown in 
the tables above do not hold any information that is readily interpretable. It appears 
that these values are very sensitive to slight errors in the data points, and that a 
significantly greater number of data points are required if an acceptable level of 
confidence is to be placed in the results obtained. The ratio of rate constants, b, were 
not presented in the previous data treatment due to the obvious effect that the 
ionisation potential had on each ion. This leads to the conclusion that there is little to 
be gained from using NRPI as opposed to the RPIs in the previous chapter, because 
they seem to remain purely comparative in nature, and the Langmuir plots constructed 
using RPI values offered smaller errors when calculating the gradients of the relevant 
curves. This may be due to the approach using NRPI defining the minimum and 
maximum points of the adsorption isotherms as zero and total coverage, in effect 
reducing the number of experimental points on the curves plotted. This would have the 
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effect of introducing greater errors when calculating the gradient of the Langmuir 
plots, and hence the recommendation for a greater number of experimental points to be 
determined for such a study. 
6.5 Discussion 
The R2 values given, which are a measure of how well the data points fit the linear 
trend line (from which Str values are calculated), may be compared with those found 
for the RPI values presented in Tables 5.9 and 5.10. There is a relatively poor fit to the 
linear regression line for the positive ions used to quantify the adsorption of PMMA on 
each type of fibre, in comparison to that observed in Tables 5.9 and 5.10, where no 
attempt was made to take into account the effect of ionisation potential of the 
individual ions. However, where the negative ions are concerned, acceptable RZ values 
are obtained, and all Str values are close to one. It is thought that this is because the 
peaks used to characterise the adsorbate and substrate have a greater intensity than 
those used in the positive mode, so a minor contribution to one of the peaks from noise 
does not affect the RPI to such a great extent. Equation (6.4) appears to more sensitive 
to the relative contribution of the adsorbate/substrate to each particular ion than 
Equation (5.11), possibly because values of (Cmax - Cmin) and (C°max - C°min) approach 
zero in some cases where the positive ions are involved. If the range of these values is 
very small, then small variations in the (CX - Cmin) and (C°X - C°min) readings will have 
a great effect on the NRPI values calculated, leading to greater errors in the final Str 
values. Where the negative ions used are concerned, it seems that there is a great 
enough discrepancy between the zero and maximum concentration values for adsorbate 
and substrate and acceptable peak integrity to yield Str values with low errors 
associated with them. 
The ratio of the adsorption and desorption constants fluctuate in a rather erratic 
manner, and a more detailed investigation is required in order to elucidate whether the 
errors associated with the b values presented in Tables 6.2,6.3, and 6.4 are acceptable. 
This variation occurs partly because the curves obtained in Langmuir plots pass very 
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close to the origin and the b values are calculated by assuming that the intercept value 
is equal to 1/bOr, as predicted by Equation (5.11). Therefore slight variations in n, can 
lead to alarming fluctuations in the values calculated for the ratio of rate constants, and 
also result in the appearance of negative values. However, negative values are not 
obtained for the plots constructed using data from the negative mode, which also 
exhibited the smallest errors in the 1Z values, although it is uncertain as to how much 
credence may be placed upon these values. 
6.6 Conclusions 
The adsorption isotherms of the curing agent plotted using RPI in Chapter 5 
demonstrated that the value of RPI tended to a different maximum when different ions 
are used. This was attributed to the effect of differing ionisation cross sections 
possessed by the relevant ions. However, the results obtained consistently gave a good 
fit to the model expected for Langmuir adsorption, and when the ion was kept constant 
data for different substrates could be compared. 
The results obtained when the NRPI routine was used to analyse the amine data 
appears to be effective in eliminating the differences in relative ionisation potential 
observed when different ions are used to characterise the same adsorbate molecule. 
This is thought to be the first time such a routine has been achieved, and it remains to 
be seen whether this type of treatment can prove useful in the goal of quantifying 
SIMS spectra. It should also be noted that an advantage of this data treatment is that it 
addresses the effect of a contribution to an adsorbate ion from the substrate, and vice- 
versa. Unfortunately, the substrate signal does not seem to be suppressed in a 
predictable manner by adsorbate coverage, resulting in little variation in the normalised 
intensity of the selected substrate peak. This leads to violent fluctuations in the NRPI 
values, sometimes resulting in the observation of negative NRPI quantities at 
low 
adsorbate coverage. The results obtained do not follow any obvious interpretable 
trend, but this is partly a result of two of the data points being intrinsically assigned to 
zero coverage and full coverage, leaving only three data points to 
follow the uptake at 
intermediate concentrations. A possible trend could well emerge if more data were 
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available. Also, there is some evidence that it may be possible to distinguish between 
the origin of the substrate ions from a heterogeneous surface. An ion thought to 
emanate from the basal plane showed no variation in adsorbate uptake between very 
low and low concentrations of the adsorbate molecule solution. 
The adsorption of the macromolecule PMMA resulted in a relatively uniform coverage 
of the fibre surface for all types of fibre studied, and both quantification routines 
indicated a Langmuir type adsorption mechanism. The quality of the uptake curves was 
greatest when using the ions with an m/z = 31 to characterise the adsorbate and 
m/z = 26 to characterise the substrate in the negative ToF-SIMS mode. A reasonable 
fit of the data to the predicted model was attained, and no significant variation in 
adsorbate uptake was observed despite variation of the molecular mass of the 
adsorbate molecule or variation in oxygen content of the fibre surface. No conclusive 
evidence was found for a variation of the ratio of the rate constants for adsorption and 
desorption of the adsorbate molecule, and more significantly, this technique showed no 
ability to an provide acceptable measure for this quantity. 
In conclusion to the data treatments applied, the RPI gave the most consistent results, 
and the low errors observed indicates that the routine is reproducible. However, it is 
clear that the trends observed should be interpreted rather tentatively, in the light of the 
results obtained by the NRPI data treatment. It appears that calculating NRPI values 
provides a method of appreciably reducing the effect of a variation in ionisation 
potential of the relevant ions selected, provided that they are assigned with a 
reasonable degree of accuracy i. e. there is no contribution to these peaks from 
unknown sources. However, the NRPI values do not seem able to provide an empirical 
measure of the surface concentration of the adsorbate, and remain purely comparative 
in nature. 
The following chapters demonstrate the ability of ToF-SIMS to be utilised as a tool 
capable of distinguishing the constituents present in a complicated multi-component 
system such as a commercial carbon fibre-epoxy composite, and its ability to determine 
the molecules present on the surface of a fractured CFRP, by means of the 
development of an in-situ fracture technique. 
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Chapter 7 
Chemistry of Sized Fibre Tows and 
Pre-Impregnated Laminae 
7.1 Introduction 
The elucidation of the surface structure of complex composite systems such as CFRP 
presents difficulties in the interpretation of the data acquired because of the number of 
constituents that are required to make up such a material. XPS offers semi-quantitative 
elemental analysis of the surface constituents of the cylindrical fibres but generally 
cannot provide the resolution in chemical shift required to determine chemical 
structures present. SIMS analysis can deliver superb sensitivity with the capability of 
elucidating the structure of complex chemical moieties, yet is governed by ionisation 
potential of sputtered fragments and often yields very complex spectra. The following 
two chapters attempt to utilise a combination of the two techniques in the analysis of 
the constituent components of CFRP in order to identify the chemical interactions that 
play an important role in the adhesion mechanisms within the composite. 
7.2 Sized Carbon Fibres 
Modern composite materials have a number of constituents that are included to 
produce a material possessing the required mechanical characteristics. Fibres are sized 
in order to improve handling and to protect the fibre surface from mechanical damage 
and adsorption of contaminants from the environment. This size is invariably a pre- 
polymer resin-like material, the most common one being the difunctional epoxy 
molecule Shell Epikote 828. Unsized fibres are vulnerable to straying from the tow, 
and breaking during manufacture and handling because of their fragility. Once they 
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are sized, typically with approximately 10-100 nm of a partially cured resin, the fibres 
adhere to each other. The finish can be expected to have a profound effect on the 
spectra obtained from surface analysis techniques such as XPS and SIMS, because of 
their depth of analysis. The positive ToF-SIMS spectrum of a tow of 100% treated 
sized fibres is shown in Figure 7.1. 
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Figure 7.1. Positive ToF-SIMS spectrum of 100% sized fibres between m/z =5 and 200. 
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The sized fibres analysed in this section were prepared for analysis in the same 
manner as described in Section 4.2.2, and sample preparation is not discussed further 
here. Despite improved handling characteristics resulting from the applied finish, care 
is still required in order to prevent field emission from stray fibre ends. The mass 
range shown in the spectrum of Figure 7.1 reveals peaks that are characteristic of an 
epoxy molecule based on bisphenol-A. Also in the spectrum are peaks from a 
relatively small amount of PDMS, a contaminant that is often observed in trace 
quantities in a large number of spectra. ToF-SIMS is very sensitive to this material, 
and so moderate peaks in the spectrum from PDMS are characteristic of a relatively 
small amount of the release agent. The structure of PDMS is illustrated in Figure 7.2. 
CH3 
ýSi On 
CH3 
Figure 7.2. Illustration of the chemical structure of polydimethylsiloxane (PDMS) 
The structure of Epikote 828 was shown in Section 5.2.1, and is likely to be very 
similar, if not identical to the epoxy molecule applied to the fibre surface. Therefore 
similar ions in the spectrum to those observed in Figure 5.18 in the adsorption studies 
of Epikote 828 on carbon fibres may be expected. Proposed structures for the ions 
observed in the spectrum of 100% treated sized fibres are shown in Figure 7.3. 
As expected, the spectra obtained for the sized untreated and 25% treated fibres are 
virtually identical to the 100% fibres. An example of a positive ToF-SIMS spectrum 
obtained from sized untreated fibres is shown in Figure 7.4. In this instance, there is 
still a small amount of PDMS present, although it appears to affect this sample to a 
lesser extent than the 100% sample shown above. PDMS is most likely to be present 
as a contaminant as a result of a storage procedure, possibly from the surface of 
polythene packaging in which the fibres were received. 
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Figure 7.3. Possible structures for the fragments observed in the positive ToF-SIMS spectrum of 100% 
treated sized fibres. 
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In some cases there are a number of possible structures for a particular ion and re- 
arrangements are possible during the emission process (both unimolecular and 
bimolecular) and during the time-of-flight to the detector (unimolecular). The most 
plausible ion fragments are displayed above. An interesting ion observed in the 
spectrum is that with an m/z = 59, which in many ways illustrates a weakness in the 
SIMS technique, because there are a number of possible structures of the same mass 
and composition. It is not possible to distinguish which is the dominant structure 
without the availability of a tandem mass spectrometer, and this can result in 
ambiguous assignment of the surface structure. This ion requires further attention 
because the ion is not present in the spectrum of DGEBA spun from a toluene solution 
on an aluminium substrate, shown in Figure 5.18. This observation leads to the 
conclusion that either the epoxy molecule used as the fibre finish is slightly different 
in composition to the Shell Epikote 828 used in the adsorption study of Chapter 5, that 
the epoxy is present in a partially cured state and that the ion is indicative of the cured 
epoxy, or that this ion originates from a different component present on the fibre 
surface. If the second supposition is correct, then the most likely assignment for the 
ion is the linear structure proposed in Figure 7.3. Another alternative is that the epoxy 
size is present in an activated form similar to that outlined in Section 2.10.1, and that 
this leads to a discrepancy in the spectrum compared to that observed in Figure 5.18. 
The most prominent peaks in the spectrum from the 100% sized fibres are still present 
in this spectrum, and the absence of prominent peaks at m/z = 23 of Na+ and m/z = 40 
of Ca' indicate that the quantity of exposed fibre surface is very small or non-existent. 
The most plausible structures for the ions observed in Figure 7.4 are the same as those 
presented in Figure 7.3, and is an indication that the size applied is present as a layer 
that is greater than the analysis depth of SIMS, although it is not possible to ascertain 
if the applied finish is an even layer or if there are major discrepancies in the depth of 
size on the fibre surface. 
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Figure 7.4. Positive ToF-SIMS spectrum of 0% sized fibres between m/z =5 and 200. 
The negative ToF-SIMS spectra do not tell such an informative story. A spectrum 
obtained from 100% treated sized fibres is shown in Figure 7.5. An unexpected 
observation in this spectrum is the appearance of the halogen ions Br and Y. The 
presence of Cl- ions is not a surprise because of the manufacture procedure of 
DGEBA or similar epoxy resins discussed in Section 2.10.1. The source of the more 
massive halogen ions is not clear, but it is thought that they are contaminants. This 
conclusion is reached as a result of the lack of these ions in the spectrum of the 
untreated and 25% treated (not shown) sized fibres. The spectrum obtained for the 
untreated sized spectrum are shown in Figure 7.6. 
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Figure 7.5. Negative ToF-SIMS spectrum of 100% sized fibres between m/z =5 and 150. 
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Figure 7.6. Negative ToF-SIMS spectrum of 0% sized fibres between m/z =5 and 150. 
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There is no sign of the presence of halogens in the spectrum of untreated sized fibres. 
There is still a peak at m/z = 79, but, in the absence of a peak of similar magnitude at 
m/z = 81 indicates that the ion present cannot be bromine. The ion is probably PO3-, 
because it is accompanied by ion at m/z = 63, which is probably PO2-. The ion present 
at m/z = 133 is believed to originate from the resin, and similar in structure to the ion 
with an m/z = 135 in the positive spectra illustrated in Figure 7.3. 
7.3 Analysis of Composite Materials 
Modern carbon fibre composite materials are often assembled using sheets of fibres 
pre-impregnated with partially cured matrix material supplied by the manufacturer, 
and referred to as pre-preg. The sheets used in this study are protected by a white 
release film on one side of the sheet, and a red polymer film on the other. The desired 
shape is cut out of the sheet, then the paper is peeled off and the film is removed prior 
to curing. The cured layer thickness of the pre-preg is approximately 0.125 mm, and 
so a number of layers are required to fabricate the desired composite. The fracture 
surfaces of such a composite material were investigated by fabricating a set of 
specimens, and subjecting them to controlled failure. The inter-laminar fracture 
toughness was measured by performing double cantilever beam (DCB) tests that 
instigate Mode 1 failure of the composite (See Appendix 1). Samples of the correct 
size were carefully cut out and mounted on appropriate stubs for XPS and ToF-SIMS 
analysis. This revealed that a release agent was present on the surface of the failure 
surfaces of the cured composite, which was thought to originate from the surface of 
the protective paper and film. Therefore the uncured pre-preg sheets and the protective 
film and paper were analysed by XPS and ToF-SIMS to identify the presence and 
amount of the release agent. Following the discovery of a significant amount of 
release agent on the surface of the uncured pre-preg, protocols enabling the removal 
and application of further release agent prior to curing were developed. The effect of 
this procedure on the fracture toughness using the DCB test was investigated and the 
spectra of the fracture surfaces were recorded. 
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7.3.1 Experimental 
The pre-preg used to construct the DCB samples was Fibredux 924 from Hexcel 
Composites. This consisted of continuous unidirectional T300 (Toray) carbon fibres 
within matrix material of a tetrafunctional epoxy resin, 
tetraglycidyldiaminodiphenylmethane (TGDDM), and a tetrafunctional amine curing 
agent, diaminodiphenylsulphone (DDS). The chemical formula of these compounds is 
shown below. 
0 /O\ 
CH2-CHCH2\ /CHZCH-CHZ 
0 /N 
O 
CH, O 
CH2-CHCH2 CH2CH-CH2 
Tetraglycidyldiaminodiphenylmethane (TGDDM) 
H2 NO SO, 
O 
NH2 
Diaminodiphenylsulphone (DDS) 
Figure 7.7. Chemical structure of TGDDM epoxy resin and DDS curing agent present in the Fiberdux 
924 formulation. 
Twenty-four layers of pre-preg were used to fabricate a composite of 3 mm thickness, 
conforming to the protocol recommended by the European Structural Integrity 
Society, (ESIS) for the inter-laminar fracture testing of composites13'. The pre-preg 
was cured for 2 hours at 180°C and 700 kN M-2 pressure. Twelve layers of pre-preg 
were compiled, with the side protected by one coloured film always paired with the 
alternative side of the adjacent pre-preg sheet. The set-up of the central plies was 
varied, pairing red-red, red-white, and white-white film protected sides of the pre-preg 
sheets together. An organic crack initiation film was incorporated between the two 
central plies, to instigate the crack along the centre of the composite. The film used 
was 50 pm Tygavac RF 239 Hydrocarbon, and although thicker than the 15 p. m width 
recommended by the ESIS protocol, the film was used consistently throughout the 
fracture toughness experiments. 
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In order to determine the effect of the release agent incorporated into the cured 
composite, the layer of PDMS that normally remains on the surface of the ply was 
removed by wiping the pre-preg sheet with n-hexane, a liquid known to be an 
effective solvent of PDMS. In addition to this, a set of composites that had extra 
PDMS incorporated into the central lamina were assembled. The PDMS used was a 
liquid with a viscosity of 5 centistokes (5x10-6 m2s"', M, = 518-592), supplied by 
Sigma-Aldrich Company Ltd. The composites were then fabricated in the same 
manner as previously specified, and the fracture toughness of each type of composite 
was measured. 
ToF-SIMS analysis was also performed on the failed surfaces of the composites tested 
to verify the presence of PDMS at the point of fracture. The relative coverage of 
release agent on the pre-preg prior to curing was investigated by manipulation of the 
Beer-Lambert equation (Equation (3.11)) using the relative intensity of the Si 2p peak 
observed by XPS. 
7.3.2 Results and Discussion 
The presence of PDMS on the surface of pre-preg sheets can by easily observed by 
mounting a 10 x9 mm piece of pre-preg in a standard SIMS spring-loaded stub. The 
spectrum obtained when the surface of the uncured pre-preg is exposed by removing 
the white paper film is shown in Figure 7.8. The peaks observed are assigned below 
in Table 7.1. 
The positive ToF-SIMS spectrum shown in Figure 7.8 reveals that the pre-preg 
exposed from underneath the white protective side is covered in PDMS to a depth that 
is at least equal to the analysis depth of SIMS. There is virtually no contribution to the 
spectrum from organic peaks that can be assigned to the matrix material. 
Environmental contaminants such as Na, K+, and Ca+ are almost totally excluded 
from the surface protected by the white paper film. The presence of such contaminants 
is likely to have a detrimental effect on the performance of the composite. 
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Figure 7.8. Positive ToF-SIMS spectrum of pre-preg after removal of white protective film, showing 
the range between m/z =5 and 200. 
m/z Composition Origin 
28 Si PDMS 
43 CH3Si PDMS 
73 C3H9Si PDMS 
117 C3H9OSi, PDMS 
133 C3H9O, Si2 PDMS 
147 CSH15OS" PDMS 
207 C; H SO, Sij PDMS 
Table 7.1. Peak assignments for the positive ToF-SIMS spectrum of pre-preg shown in Figure "/. ä. 
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The negative ToF-SIMS spectrum, shown in Figure 7.9, indicates the presence of 
matrix material of the surface of the pre-preg. It is unclear why the positive SIMS 
spectrum is totally dominated by peaks assigned to PDMS, whereas the negative 
SIMS spectrum shows little PDMS character. There are two likely explanations for 
this observation. Firstly, the inorganic ions such as S- and Cl- possess lower ionisation 
potentials than larger cluster ions and so these types of ions are more likely be 
observed. Smaller inorganic ions are also thought to originate from deeper within the 
structure of the analysis material. Another factor could be that the control of surface 
charging is more difficult to achieve in the negative mode than in the positive mode, 
for reasons discussed in Section 3.2.3. Relatively massive ion fragments possess lower 
kinetic energies than simple inorganic ions, and therefore cannot escape the surface if 
the surface potential has too great a positive charge. This will result in a spectrum that 
only has peaks due to small particles possessing enough kinetic energy to escape the 
surface, but not too much kinetic energy to fall outside the energy acceptance of the 
spectrometer. Evidence for this phenomenon is present when the relative count 
intensities of the spectra shown in Figures 7.8 and 7.9 are compared. In the negative 
spectrum of Figure 7.9, simple elemental and pseudo-elemental ions such as C-, CH-, 
O-, and OH- are totally dominant peaks with very large intensities, in comparison to 
the more massive ions, such as m/z = 75 and 149, generally characteristic of the 
PDMS molecule, which have very weak peak intensities. This is in contrast to the 
positive spectrum of the same surface, illustrated in Figure 7.8, where larger cluster 
ions are present with considerable intensities compared to the less massive elemental 
ions such as Si'. 
The positive SIMS spectrum from the surface of the pre-preg protected by the red 
polymer film is shown in Figure 7.10, and the probable composition of the ions 
present are given in Table 7.2. 
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Figure 7.9. Negative ToF-SIMS spectrum of pre-preg after removal of white protective film, showing 
the range between m/z =5 and 100. 
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Figure 7.10. Positive ToF-SIMS spectrum of pre-preg after removal of red protective film, showing 
the range between ni/z =5 and 300 
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mlz Composition Origin 
23. Na' Contamination. 
27. C2H3+ Matrix or Cont. 
28. Si+ PDMS. 
29. C2H5+ / CHO+ Cont. / Matrix. 
39. K+ / C3H3+ Cont. / Cont. or Matrix. 
41. C2HO+ / C3H5+ Matrix / Cont. 
43. CH3Si +/ C2H3O+ / CZH5N+ PDMS / Matrix / Matrix. 
55. C3H7+ Matrix or Cont. 
57. C3H3O+ / C4H7+ Matrix / Matrix or Cont. 
73. C3H5O+ / CZH5Si+ / C4H9+ Matrix / PDMS / Cont. 
147. C3H9Si+ PDMS. 
207. C5H15OSi2+ PDMS. 
221. C7H21 O2Si3+ PDMS. 
281. C7H21 O4Si. 4+ 
PDMS. 
284. N-Containing or M*' Matrix. 
Table 7.2. Peak assignments for the spectrum of pre-preg shown in Figure 7.10. 
Cont. = Contamination. 
The spectrum shows that the surface is not completely dominated by peaks attributed 
PDMS. The likely reason for this observation is that there is not as much PDMS 
applied to the side with the red film protecting it. The red film is not strongly adhered 
to the surface in the same manner that the white paper film is, and as a result it is 
likely that contamination can get in between the film and the pre-preg surface. This is 
probably the source of the moderate amount of sodium found on the surface of this 
side of the pre-preg. Hydrocarbon contamination, often referred to as adventitious 
carbon, yields peaks that include highly saturated organic ions. It is possible that there 
is an overlayer of hydrocarbon contamination masking the signal of ions originating 
from PDMS, because the red protective film has a tendency to lift off the pre-preg 
surface during storage. This occurs because during manufacture, the red film is placed 
on the pre-preg whilst in a flat condition, and the pre-preg is subsequently rolled up 
for ease of storage, resulting in the red film on the inside of the roll becoming 
detached from the pre-preg it is designed to protect. 
Figure 7.11 shows the corresponding negative spectrum from the pre-preg surface, 
which exhibits relatively high mass cluster ions that implicate the presence of PDMS 
as indicated in the spectnim annotation. 
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Figure 7.11. Negative ToF-SIMS spectrum of pre-preg after removal of red protective film showing 
the range between rn/z =5 and 150. 
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7.4 Quantification of PDMS on pre-preg by XPS 
XPS analysis was performed in order to estimate the relative coverage of PDMS on 
the surface of each side of the pre-preg and on the surface of both films in contact 
with the pre-preg. This was achieved by assuming that the sample that had extra 
PDMS applied to it had a PDMS layer greater than the depth of analysis of the XPS 
technique, and assuming the inelastic mean free path of an electron to be defined by 
the relationship displayed in Equation (7.1), determined experimentally138. The density 
of the medium that the electron must pass through was assumed to be that of the 
PDMS applied to the surface of the pre-preg, quoted by the manufacturer. This is a 
relatively crude approximation as the PDMS that was originally present on the 
protective paper and film was probably of slightly higher density than that 
subsequently purchased. However, this variation is very small and should only result 
in a small error in the calculated attenuation length of the emitted electron. 
; ýA1= (103 / P) (49E-2 + 0.11E°. 5) (7.1) 
ß, A1= Electron attenuation length emitted via interaction of A1Ka radiation 
/nm 
p= Density of medium traversed by electron /kg m"3 
E= Kinetic energy of outgoing electrons /eV 
ß, A1= (103 / 0.913x 103) [(49 
/ 11962) + 0.1l(11960-')] = 4.2 nm 
The Beer-Lambert equation was then exploited in the following manner. 
IdSi = Iss; (1 - e-(a/?, s; nO)) (3.11) 
Ids' = Si 2p intensity for surface under investigation 
I. S' = Si 2p intensity from the pre-preg with extra release agent applied, to represent 
an infinitely thick layer of PDMS 
d= Equivalent layer thickness 
= Inelastic mean free path of an electron, assumed to be 4.2 nm. 
0= Take off angle (TOA) = 45° 
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Therefore: 
d=-, ksinO ln(1 - [Iasi / I-s']) (3.11) 
The results obtained are presented below in Table 7.3. 
Sample White Paper White Side Red Side Red Film Red Side Pre- Red Side Pre- 
Pre-preg Pre-preg preg Hexane preg + Extra 
Cleaned PDMS 
Atomic % 
Si 2p 20.49 12.98 6.07 3.79 4.89 19.90 
Si 2p Peak 
Intensity 84.66 130.14 61.99 15.70 180.42 68.40 
kCeVs-' 
Equivalent 
PDMS depth 10.4 2.9 1.2 0.8 0.7 - 
nrn 
Table 7.3. Relative PDMS Coverage on pre-preg surfaces. 
There are a number of obvious conclusions that can be drawn from these results. The 
coverage of 1.2 nm on the red side of the pre-preg is just within the depth of analysis 
of ToF-SIMS, and does not correspond to a depth of PDMS on the surface that is 
greater than the analysis depth of ToF-SIMS. Therefore, it is probable that the peaks 
from organic ions observed from this surface that were not attributable to PDMS 
originate from the partially cured pre-preg matrix. The ToF-SIMS spectrum obtained 
from the pre-preg originally affixed to the white paper film only showed peaks 
attributable to PDMS, and the XPS analysis indicates that there is a PDMS film 
present on the surface that is 2.9 nm thick, and beyond the depth of analysis of ToF- 
SIMS. It is also apparent that the hexane cleaning procedure removes a significant 
amount of PDMS, but not all of it. 
7.5 SIMS of the Matrix Material 
The presence of PDMS on the surface of the pre-preg hampers the acquisition of a 
SIMS spectrum characteristic of the pre-preg material. However, the inner structure 
may be exposed by inserting a scalpel blade between the fibres of the pre-preg sheet 
and carefully prising apart the two layers formed. The problem of field emission is 
also observed in some instances, therefore the sample is mounted in a spring-loaded 
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stub in order to mask and exposed fibres in the same manner as were the fibres 
previously studied. The positive ToF-SIMS spectrum from the inner surface of the 
pre-preg laminae is shown in Figure 7.12. 
There is complete contrast in the spectrum acquired from the internal surface of the 
pre-preg, compared to that exposed by removing the protective layers. There is not a 
trace of PDMS present on the internal surface of the pre-preg layer, and the lack of 
peaks attributable to inorganic ions such as Na+ and Ca' indicates that the product was 
prepared in a relatively clean environment. The peaks present in the spectrum reveal 
little conclusive evidence as to the structure of the material, other than the organic 
nature of its surface. The epoxy group yields significant peaks at m/z = 31, and 
m/z = 57, as shown in Figure 5.18. These were of similar proportions as those 
observed in the spectrum in Figure 7.12, and are possibly due to the presence of 
uncured epoxy groups. The structures of the matrix constituents shown in Figure 7.7 
possess a significant amount of nitrogen that is incorporated within the matrix, and 
considering this fact, it would be expected that a number of peaks in the spectrum 
would have even m/z values. The spectrum reveals three such peaks that fit this 
description, at m/z = 58, m/z = 60, and m/z = 118. The prominent peak at m/z = 58 is 
thought to originate from either cured matrix or from the epoxy resin, and possible 
structures are shown below in Figure 7.13. 
HO =CH N CH2 
CH3 CH2 CH=NH2 
+. 
HO CH-CH2 CH2 
CH3 CH2 NH=CH2 
Figure 7.13. Possible ion structures of the m/z = 58 ion present in the spectrum from pre-preg. 
The three nitrogen containing ions are even electron ions (Section 3.2.11.3), whereas 
the ion containing oxygen as the only heterogeneous atom is labeled a distonic radical, 
because the unpaired electron and charge site are located at different atomic sites108 
The formation of distonic radicals within odd-electron organic ions often leads to 
rearrangement reactions which can result in decomposition, causing an ambiguous ion 
presence in the spectnim. 
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Figure 7.12. Positive ToF-SIMS spectrum of fresh surface of uncured pre-preg showing the mass 
range between m/z =5 and 200. 
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The spectrum of the curing agent used for the adsorption study, shown in Figure 5.9, 
exhibits many more peaks with an even m/z, notably at low mass such as m/z = 18, 
and m/z = 30. It is possible that these arise because of the difference in sample 
preparation. In the case of the curing agent used in the adsorption study, this was 
dissolved at relatively low concentrations in a neutral solvent, and then adsorbed on 
an acidic surface, either aluminium or carbon fibre. The primary amine is therefore 
likely to be protonated, i. e. cationised (Section 3.2.9.5), and be prominent in the SIMS 
spectrum. The other major difference between the environments of the nitrogen atoms 
present in the systems is that all the nitrogen atoms present in the pre-preg system are 
directly attached to an aromatic ring. This bond is resonance stabilised as a result of 
the interaction of the lone pair of electrons of the nitrogen atom and it-electrons of the 
aromatic ring, resulting in a strong bond that is less likely to be broken than the 
aliphatic C-N bond of the curing agent used in the adsorption study. Not only is this 
bond less likely to be broken, but the carbon atom referred to is bonded to two other 
carbon atoms, in an aromatic structure. This will mean that the nitrogen atom is less 
likely to appear in the spectrum in simple, low m/z ions than is the case for the 
nitrogen atom present in the aliphatic molecule. 
7.6 Discussion 
It has been shown that PDMS, a common release agent, is present on the surface of 
pre-preg as a result of its application in order to allow the removal of the protective 
films supplied with the composite pre-cursor. In Section 7.4, it was found that there 
was a small amount on one side, protected by the red polymer film, and a relatively 
deep layer of approximately 3 nm of PDMS remaining on the surfaces of the pre-preg 
prior to curing. This leads to the question of the effect that this layer of release agent 
has on the performance on the composite. Intuitively, the presence of the release agent 
should be detrimental to the adhesion between the layers of the pre-preg and cause 
slippage, or a weak boundary layer between the planes. It is also possible that 
diffusion of the PDMS occurs, and it is incorporated into the matrix. This effect was 
studied by analysing the failed surface of the composite and measuring the fracture 
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toughness of a DCB sample. The results are presented and interpreted in the following 
sections of this chapter. 
7.7 Analysis of Cured DCB Samples 
The effect of the presence of PDMS on the fracture toughness was investigated by 
performing double cantilever beam tests on specimens of varying composite lay-up. 
The method of composite fabrication is described in Section 2.11, and the mid-plane 
pairing of pre-preg sheets were given the designations described below. Samples were 
prepared by carefully cutting a 10 x9 mm section of composite from a composite 
subjected to a controlled failure (DCB) test, mounted in a standard spring loaded stub, 
and then introduced into the spectrometer for analysis. 
Red-Red Two pre-preg surfaces protected by red polymer film coupled together 
at the crack initiation point. 
White-White Two pre-preg surfaces protected by white paper film coupled together 
at the crack initiation point. 
Red-White Two surfaces of pre-preg, one protected by red polymer film and one 
by white paper film joined together at plane of fracture. 
Red-White As Red-White but with both surface wiped with a soft tissue soaked in 
+ Hexane hexane. 
Red-White As red-white but with PDMS applied to both surfaces. 
+ PDMS 
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7.7.1 ToF-SIMS Spectra of Cured DCB Samples 
The positive ToF-SIMS spectrum of a fracture surface of a composite from a DCB 
test is shown in Figure 7.14. The familiar peaks that can be attributed to PDMS, at 
m/z = 43,73, and 147 dominate the spectrum as was the case prior to curing. This 
composite sample was not subject to any treatment designed to remove or add any 
extra PDMS, and was fractured along a route that had red-white surfaces of pre-preg 
layers paired together at the central plies of the composite. 
The positive ToF-SIMS spectrum of the fracture surface of a composite with extra 
PDMS applied to the central laminae plane is shown in Figure 7.15. In this case the 
signal attributable to the PDMS is totally dominant, and all peaks present in the 
spectrum can be attributed to the presence of PDMS. This indicates that the PDMS 
present in the composite has been unchanged by the curing procedure, and that at least 
some of the PDMS does not react chemically with the constituents of the matrix. 
SIMS is very sensitive to the chemical structure of the surface under investigation, 
because of the nature of ion formation during the sputtering process, and so any 
change in structure would be expected to manifest itself in the spectrum observed. 
However, if reaction is only possible at the chain ends a structural change would be 
expected to comprise a relatively small proportion of the surface, that may not result 
in a significant change in the spectrum attained. 
Figure 7.16 shows the positive ToF-SIMS spectrum of the fracture surface of a 
composite fabricated after most of the PDMS was removed by wiping the surface of 
the pre-preg with hexane prior to curing. In this instance the peaks that can be 
attributed to the presence of PDMS are of a similar magnitude to the organic peaks 
that originate from the matrix. If the ions present in the spectrum that are not present 
as a result of the presence of PDMS are scrutinised, it can be seen that the peaks 
originating from the matrix material form a complex series of peaks that are difficult 
to interpret. The structure of the matrix is envisaged as a very complex 3-D network, 
although it is likely that both the resin and curing agent are only partially cured for a 
significant proportion of the molecules that originally comprised the pre-preg. The 
reasoning behind this train of thought is that both the curing agent and the resin are 
tetrafunctional molecules, and as the reaction proceeds during curing, diffusion of the 
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molecules within the matrix becomes increasingly hindered. Therefore it is likely that 
a significant proportion of the resin and curing agent possess unreacted functional 
groups, despite being attached to a vast 3-D network. This type of structure will 
probably produce a very complex SIMS spectrum, such as the one indicated in Figure 
7.16. 
Assignments for probable composition of the ions are given below in Table 7.4. There 
is significant contribution to the spectrum from ions originating from the matrix 
material, although ions that are characteristic of PDMS are still the most intense. 
m/z Composition Origin 
27. C2H3+ Matrix or Cont. 
28. Si+ PDMS. 
29. C2H5+ / CHO' / SiH+ / 29Si+ Cont. / Matrix / PDMS. 
39. K+ / C3H3+ Cont. / Cont. or Matrix. 
41. C2HO+ / C3H5+ Matrix / Cont. 
43. CH3Si +/ C2H3O+ / CZHSN+ PDMS / Matrix / Matrix. 
C3H7+ Matrix or Cont. 
55. C3H3O+ / C4H7+ Matrix / Matrix or Cont. 
57. C3H5O+ / CZH5Si+ / C4H9+ Matrix / PDMS / Cont. 
73. C3H9Si+ PDMS. 
77. C6H5+ Matrix. 
91. C7H7+ Matrix. 
105. C7H5O+ Matrix. 
118. CBH8O+ / C7H4NO+ Matrix. 
128. C6H, 0NO2+ / C,, H8+ 
Matrix. 
130. C6H12NO2+ Matrix. 
147. C5H15OSi2+ PDMS. 
165. C 3H +/CHO+ 
Matrix. 
Table 7.4. Probable ions assignments from the positive ToF-SIMS spectra of fracture surfaces from 
DCB specimens presented in Figures 7.14,7.15, and 7.16. Cont. = Contamination. 
The ToF-SIMS results reveal that there is still PDMS present within the composite 
after curing, and that it is located along the locus of failure. This is not unexpected, 
because the crack is initiated prior to the curing of the material, along the plane of 
fibres. Once the crack is initiated, it cannot propagate through the plane of the fibres, 
and therefore has only one direction in which to progress. 
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Figure 7.14. Positive ToF-SIMS spectrum of DCB fracture surface of an unmodified composite 
showing the range between m/z =5 and 200. 
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Figure 7.15. Positive ToF-SIMS spectrum of DCB fracture surface of a composite with extra PDMS 
applied showing the range between m/z =5 and 200. 
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Figure 7.16. Positive ToF-SIMS spectrum of DCB fracture surface of a composite wiped with a tissue 
soaked in hexane, showing the range between m/z =5 and 200. 
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The negative spectrum does not yield as many peaks as the spectrum obtained in the 
positive mode, and generally is not as informative. The negative ToF-SIMS spectra of 
the composite fracture surfaces of a red-white panel, red-white panel with PDMS 
removed, and red-white panel with extra PDMS applied, are shown in Figures 7.17, 
7.18, and 7.19, respectively. Possible compositions of the ions observed are assigned 
in Table 7.5. The spectra show that the ions attributed to PDMS are, relatively, the 
most intense for the composite that had PDMS applied to the surface, in agreement 
with the positive spectra. Other than the relative intensity of the ions from PDMS, the 
spectra are very similar. 
m/z Composition Origin 
16. 0- 
17. OH- 
24. C2- 
25. CZH- 
26. CN- Matrix. 
32. S-102- Matrix. 
35,37. C1- Matrix. 
48. SO- / C4 Matrix. 
59. CH3SiO- PDMS. 
60. SiOZ- PDMS. 
73. C6H- Matrix. 
75. CH3S1OZ- PDMS. 
89. CAH5SiO2- PDMS. 
92. C6H40- Matrix / Toughener. 
108. C6H4S- Matrix / Toughener. 
119. CH3Si2O3- PDMS. 
140. C6H4S2 / C6H4SO2- Toughener / Matrix. 
149. (CH3)3Si2O3- PDMS. 
163. (CH3)3SiOSi(CH3)20- PDMS. 
223. (CH, )3SiOSi(CH3)2Si7O1- PDMS. 
Table 7.5. Possible ion assignments for ions observed in the negative znMS spectra or composite 
fracture surfaces, shown in Figures 7.17,7.18, and 7.19. 
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Figure 7.17. Negative ToF-SIMS spectrum of DCB fracture surface of an unmodified composite 
showing the range between m/z =5 and 100. 
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Figure 7.18. Negative ToF-SIMS spectrum of DCB fracture surface of a composite wiped with a 
tissue soaked in hexane, showing the range between m/z =5 and 100. 
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Figure 7.19. Negative ToF-SIMS spectrum of DCB fracture surface of a composite with extra PDMS 
applied showing the range between m/z =5 and 100. 
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The negative ion with an mlz = 140 could be a fragment of the curing agent molecule, 
illustrated in Figure 7.7, or could be an indication that the composite has been 
toughened with poly(ether sulphone) (PES), a toughening agent commonly used in 
modern CFRP composite materials. The chemical structure of PES is shown below in 
Figure 7.20, although it is not possible to say whether this is the exact structure of the 
toughening agent used. It is conceivable that it has been altered by the addition of a 
functional group that would improve compatibility with the matrix, or has been 
slightly modified to improve mechanical properties. A toughening agent such as PES 
is compatible with the matrix constituents, and phase separates on curing, leaving 
thermoplastic and thermosetting regions within the cured composite. 
t-0-'o 
If-an 
0 
Figure 7.20. Chemical Structure of PES: Poly(ether sulphone) 
7.7.2 Comparison of PDMS Present on Fracture Surfaces 
A measure of the quantity of PDMS present on the sample can be made by 
normalising the peaks originating from the release agent to the total signal of the 
spectrum. This was achieved by selecting the two most intense ions in the PDMS 
spectrum, at m/z = 28, and m/z = 73, summing their intensities and then normalising 
to the intensity of the signal between m/z =0 and 400. An histogram displaying the 
results obtained is given in Figure 7.21. 
The steady increase in the amount of PDMS present in each sample can also be 
illustrated by averaging the results obtained for both sides of each composite. This is 
shown in Figure 7.22. 
258 
Chapter 7: Chemistry of Sized Fibre Tows and Pre-Impregnated Laminae 
0.5 
0.45 
0.4 
0.35 
7_ 0.3 
0.25 
+ 0.2 
co 0.15 
0.1 
0.05 
0 
Figure 7.21. Histogram quantifying the relative amount of PDMS present on each composite fracture 
surface. 
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Figure 7.22. Normalised PDMS signal from positive ToF-SIMS. Quantified by averaging the 
normalised intensity obtained from both sides of the failed composites. 
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7.8 Effect of PDMS on Fracture Toughness 
The fracture toughness, G, c, was measured by means of a double cantilever beam 
(DCB) test, to ascertain the effect of the presence of PDMS on composite 
performance. The results are presented in Table 7.6. 
Initiation Propagation 
G, c/Jm' G, c/Jm2 6_ 
Red-Red 172 26.3 175 13.9 
White-White 185 20.6 187 21.9 
Red-White 225 52.4 225 31.6 
Red-White + Hexane 210 19.3 191 18.1 
Red-White + PDMS 234 32.1 281 27.8 
Table 7.6. Fracture toughness results (G, c) of mechanical testing results (DCB) reported by Prickett"y. 
The values of the initiation G, c were taken from a distance of 5 mm from the initial 
point of fracture. This is because there is always a resin rich region at the edge of the 
initiation film within the composite, unless the initiation film is less than 20 µm in 
thickness which is not the case in this instance, and any voids in this region would 
introduce avoidable error to the G, c values obtained. 
The results of mechanical testing show that there appears to be an increase in the 
fracture toughness of the composites as the amount of PDMS increases when 
subjected to controlled fracture. Four samples of each type of composite prepared 
were tested, and the standard deviation of the averaged results are also reported in 
Table 7.6. It could also be argued that the presence of PDMS has no effect on the 
initiation fracture toughness of the composite. The XPS results showed that there was 
very little PDMS remaining on the surface of the red side of the pre-preg, and on the 
one wiped with hexane, and there is a significant improvement in fracture toughness 
in going from these composites to the composite with added PDMS. The ToF-SIMS 
spectra of the fracture surface of the cured composite with added PDMS shown in 
Figure 7.15 imply that there is more PDMS present within the composite than any of 
the other samples, shown in Figures 7.14 and 7.16. This can be deduced by observing 
the relative reduction in the organic peaks due to the presence of curing agent at the 
fracture surface. It is quite clear that there is more PDMS character in the spectrum 
obtained in Figure 7.15. 
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7.9 Conclusions 
In light of the results obtained, it is apparent that, generally, the presence of PDMS 
has a favourable effect on the fracture toughness of the composite. The propagation 
fracture toughness of the composite with extra PDMS is significantly greater than the 
other composites tested. However, it is unclear why the composite that was fabricated 
with white side facing white gave considerably lower GIc values than the Red-White 
lay-up. If the trend implied by the other results was followed here, it should have a 
larger amount of PDMS incorporated into the matrix along the fracture plane and 
therefore form a tougher composite. Despite this anomaly, the somewhat surprising 
conclusion reached here is that the presence of the release agent within the composite 
improves the fracture toughness of the composite. This raises the question of whether 
it is possible that the release agent is reacting chemically with the resin, curing agent, 
or both, forming a matrix phase with improved fracture toughness properties. There is 
a possibility that its presence improves the compatibility of the toughening agent with 
the matrix, perhaps via the formation of an interpenetrating network. The ToF-SIMS 
results obtained from fracture surfaces of DCB samples consistently reveal the 
presence of PDMS. Given the chemical specificity of the SIMS technique, underlined 
throughout the literature since its beginning, and despite uncertainties in the method 
of ion formation, it would seem that if any significant reaction was occurring, a 
change in the ions observed in the SIMS spectrum would be observed. This would 
probably manifest itself as a change in the relative intensities of the ions characteristic 
of PDMS, coupled with a change in the high m/z values. If the release agent reacted 
with a 3-D matrix during curing, then high mass ions would find it difficult to escape 
the matrix. This does not appear to be the case in the mid-range values of between 
m/z = 100 and 400. Also, when considering the structure of PDMS, resin, and curing 
agent, there does not appear to be a viable chemical reaction possible. If this is 
assumed to be the case, then an explanation for this increase in fracture toughness 
could be that there is an incorporation of release agent into the 3-D matrix network. If 
the matrix cures sufficiently through the layers of PDMS present between the pre-preg 
layers, this should leave trapped regions of PDMS within the cured composite. It 
appears that the presence of such "spheres" of PDMS increases the flexibility of the 
composite, thus increasing its fracture toughness. If the matrix material cannot 
penetrate the PDMS layer sufficiently, a weak boundary layer will be formed, and the 
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composite should fail easily in a DCB controlled fracture test. However, because of 
time constraints this effect was not investigated further. It would be difficult to obtain 
accurate quantitative data on the amount of PDMS present on a failed composite 
surface. 
In conclusion to the results obtained in this chapter, it has been shown that there is a 
residual presence of PDMS on the surface of pre-preg laminae prior to curing, and that 
this is still present within the cured laminate. The PDMS detected was found at the 
fracture surface of the composite that had been subjected to controlled failure from a 
DCB test at a designated plane between the central plies of the laminate, initiated via a 
crack initiation film. DCB tests indicated that the presence of PDMS improves the 
fracture toughness of the laminate. The following chapter investigates the location of 
the PDMS after curing, and attempts to provide a measure of diffusion of the release 
agent into the composite. 
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Chapter 8 
Investigation of the Interphase Chemistry 
of Cured Composites 
8.1 Introduction 
This chapter describes the use of ToF-SIMS to explore the location of PDMS within 
the composite. This concept uses imaging ToF-SIMS, followed by taking spectra of 
the composite at regular intervals across the image in order to locate the regions of the 
composite where PDMS is concentrated. Software of the ToF-SIMS system allowed 
comparison of relative amounts of PDMS present and the image allowed a location of 
the spectra to be estimated. Also, In-Situ fracture tests are developed in order to 
introduce contaminant-free fracture surfaces to the analysis chamber. Samples 
prepared iii-vacuo do not have the opportunity to adsorb atmospheric contaminants 
that exist for any sample that has been fractured under normal conditions. Whilst every 
practical precaution is taken to prevent contamination from coming into contact with 
fracture surfaces prepared under ambient conditions, the only way to ensure that there 
is no possibility of post-fracture contamination is to perform the fracture within the 
UHV confines of the spectrometer. This can be achieved by using a fracture stage 
bolted onto a port of the preparation chamber, discussed in detail in Section 8.3.1. On 
consideration of the composite dimensions and orientation it becomes clear that careful 
sample preparation is imperative to achieve the results desired from this technique. 
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8.2 Diffusion of PDMS within the Composite 
8.2.1 Experimental 
The extent of PDMS diffusion through the composite was investigated by using 
ToF-SIMS to scan across the prior pre-preg boundary. In order to do this, the 
composite must be prepared in the correct manner so as to present the composite 
side-on to the analysis beam. Composite samples are often prepared for optical analysis 
by polishing the edge in the same orientation as required here. The polishing routine 
involves the use of relatively coarse silicon carbide paper followed by polishing with 
fine diamond paste (1 µm). This results in fine diamond particles being embedded in 
the surface of the composite, and therefore the ToF-SIMS spectrum obtained from 
such a sample is more diagnostic of a diamond structure that that of the composite. 
Therefore, prior to analysis a layer approximately 0.1 mm in thickness was cleaved 
from the specimen by a scalpel blade, and the fresh surface scraped so as to remove 
large cliffs on the surface that can cause shadowing of the beam. The orientation of the 
continuous fibre composite, which was fabricated from pre-preg as previously 
described in Section 2.11, is illustrated in Figure 8.1, with the centre plies providing 
the analysis area. This sample was mounted in a novel stub designed specifically for the 
purpose, that had had the middle section cut out, shown in Figure 8.2. The sample was 
secured within the groove of the stub by a grub screw. When performing SIMS 
analysis on difficult specimens such as this, it is important to ensure that, given the 
nature of the sample, a conducting path can be found from the sample to the stub. 
Therefore, the outer layers of the composite were removed, because the release agent 
of the mould soaks into the composite and forms a non-conducting layer on the 
surface. After these have been removed, aluminium foil is inserted down the side of the 
groove in the stub in order to increase the conducting path between the sample and 
stub. 
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Fibres running 
longitudinally 
Figure 8.1. Schematic diagram of composite used for DCB analysis. The right hand edge was used for 
ToF-SIMS line scan analysis. Not to Scale. Outer panels are removed prior to analysis. 
; ý:,; ,. 
Figure 8.2 Picture showing stub used to secure composite for edge analysis. 
8.2.2 Results 
Plate 1 shows a ToF-SIMS image of a sample from the composite with extra PDMS 
deliberately applied to the surface of the pre-preg prior to curing (see Section 7.4). In 
each image an intense streak on the far left can be observed, and is always an artifact 
from the software processing of the spectrometer. The top left image was acquired 
using the total SI yield from between m/z =0 and 400 to form the image consisting of 
128 x 128 pixels from an area of 0.16 mm'`. The most prominent feature is the bright 
streak observed in the centre of the image in the region of 0.1 mm in width. It is likely 
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Plate 3. Positive secondary ion image of the edge of a composite modified by wiping 
the pre-preg surfaces at the central ply interface with a tissue soaked in hexane, in order 
to remove PDMS. The image was acquired using the peak assigned to C3H3+ and K+ 
(m/z = 39). The top and bottom lines of squares are the analysis areas used to construct 
the line scan analyses of Figures 8.6 and 8.8, respectively. 
Plate 2. Positive secondary ion image showing quadrant I from Plate I at higher 
magnification. The white squares are the analysis areas from which spectra were 
acquired for the ToF-SIMS line scan analysis shown in Figure 8.4. 
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that this intense streak in the SI yield is mainly attributable to PDMS, because the 
positive ToF-SIMS spectrum (Figure 7.15) is dominated by ions characteristic of 
PDMS. It is very difficult to discern whether this effect is because of a real difference 
in the relative amount of PDMS present from the prior pre-preg boundary or from a 
difference in topography in the sample surface. The top right image was created using 
mass windows from m/z = 73,147,207, and 221. Exactly the same features are 
present in this map as were observed for the total ion map, which is an expected result 
given that the peaks characteristic of PDMS are so dominant in the spectrum. Images 
were also taken of the signals obtained from Si at m/z = 28, and also one that was 
constructed from a combination of the ions with an m/z = 12,14,45,57, and 59 that 
are assigned to organic ions that do not arise from PDMS. In the latter two images 
features are observed either side of the bright central band because of the overall lower 
intensity of the signal from these ions. This has the effect of making the background 
appear relatively lighter in image intensity. 
One way of distinguishing between a chemical difference and a topographical effect is 
to take spectra from designated parts across the sample and normalising the signal 
from an ion that can be attributed to PDMS, such as those listed in Table 7.1, with an 
ion characteristic of the matrix material. This is done simply by dividing the intensity of 
the former with the intensity of the latter, and can be achieved by utilising the software 
provided with the spectrometer datasystem. The image constructed by using the total 
SI yield is shown in a larger format in Plate 2. The white squares show the areas 
chosen from which the spectra were acquired, in order to determine the relative 
amount of PDMS present as the surface is traversed. The spectra taken are at high 
magnification, and it is not possible to acquire an intense enough spectrum without 
breaching the recommended ion dose for SSIMS conditions. Each spectrum consisted 
of 30 frames acquired using a primary beam energy of 26 keV and a beam current of 
0.6 nA. At this magnification and using a pulse width of 50 ns, this corresponds to a 
primary ion dose of approximately Ix 1016 ions cm 
2. It is assumed that the effect of 
this ion dose will be the same at all points where spectra were taken, and that the 
results obtained from a series of spectra are comparable from one spectrum to the next. 
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As the analysis proceeds across the interface between the pre-preg laminae, the 
normalised PDMS signal should increase to a maximum, and then decrease when 
spectra are acquired from an area within the pre-preg sheets. This hypothesis will hold 
true if the PDMS is hindered from diffusing from one prior pre-preg boundary to 
another by the resin-impregnated fibre sheets, as envisaged in Figure 8.3. 
Pre-preg laminae 
of composite 
Relative PDMS 
intensity 
Direction of SIMS line scan analysis 
Figure 8.3. Schematic diagram of sample geometry in ToF-SIMS line scan experiment. 
The thickness of a layer of uncured pre-preg is 0.125 mm, and twenty-four cured pre- 
preg sheets have an average thickness of 2.91 ± 0.07 mm for a composite that was laid 
up after the surface of two central plies had been wiped with hexane to remove PDMS. 
Composites fabricated from pre-preg with extra PDMS applied were found to have an 
average thickness of 2.77 ± 0.11 mm. The composites were fabricated under the same 
conditions in the pressclave but on separate occasions, so the slight discrepancy in 
thickness could be due to uneven surfaces of the pre-preg, small differences in 
pressure, temperature, and time during curing, from air bubbles trapped between the 
pre-preg layers, or as a result of different amounts of PDMS between the central 
sheets. This means that each pre-preg layer has an average thickness of 0.1210 mm in 
the composite with the hexane surface treatment of the central plies, and 0.1154 mm 
for the composite with extra PDMS (see Section 7.7). If the increase in sample 
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thickness is due to chemical interactions of the central layers of pre-preg, i. e. improved 
interlocking at this interface, the average distance between the other layers will be very 
similar in each composite. If diffusion is not substantial during the curing process, then 
it is possible that a ToF-SIMS line scan analysis of the type described above, shown in 
Plate 2 and schematically in Figure 8.3, will reveal maxima and minima in the 
normalised PDMS signal as the specimen is traversed. This should also give an 
indication of the extent of diffusion that has occurred. 
The distance from the left to right hand side of the image shown in Plate 2 corresponds 
to a distance of 390 . im, as indicated by the scale bar. The distance from the first 
spectrum of the white square on the far left, and the last analysis taken on the far right 
is 280 µm, or 0.28 mm. Therefore, it can be expected that at least two boundaries have 
been crossed during the experiment, although it is uncertain whether one of these will 
be the central interface where the extra PDMS had been applied. Figure 8.4 shows a 
line graph of the normalised intensities obtained for various ions during the twelve 
spectra acquired that correspond to the white analysis squares in Plate 2. 
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Figure 8.4. Normalised line scan analysis of edge of composite. PDMS: m/z = 73; Matrix: m/z = 77. 
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Plate 3 shows an image using the peak at m/z = 39, designated as a mixture of K+ and 
C3H3+ ions, of a composite made from the pre-preg that had been subjected to the 
hexane cleaning procedure, taken under similar conditions to the previous image 
presented in Plate 2. The image shows a slight increase in a central band running 
diagonal from top right to bottom left of the area scanned, and is attributed to sample 
topography effects. 
Although the fracture surface of this composite had a relatively low amount of PDMS 
in the spectrum of the fracture surface shown in Figure 7.16, this only affects one 
interface of the twenty-three present in the composite. Therefore if there is no PDMS 
signal from this interface, there will still be another interface present within the 
confines of the area used to acquire spectra for the line scan analysis depicted in Plate 
3. The graph shown in Figure 8.5 shows the integrated peak intensity of selected ions 
from the SIMS spectra acquired from the areas within the large squares in Plate 3. The 
variation in the most intense ion used, that of m/z = 39, attributed to the presence of 
the inorganic K+ ion and the organic C3H3+ ion seems encouraging. If this is mostly a 
contribution from K+ ions, then it could indicate the pre-preg boundary, because 
inorganic contaminants can creep under the red plastic protective film during storage. 
However, sodium ions are likely to accompany potassium ions if this has occurred, 
which are not present to a great extent in the spectrum shown in Figure 7.16. 
The distance from the third square to the sixth square on the image in Plate 3, 
corresponding to the two peaks observed in Figure 8.5 is approximately 102 µm, a 
similar magnitude to that of the pre-preg layers. However, this could be a result of the 
effect of sample topography, because the counts have not been normalised. Figure 8.6 
shows a graph in which the intensity of the peak from (CH3)3Si+ normalised by dividing 
by the counts from the C6H5+ ion, that arises from the matrix and fibres but not PDMS. 
This gives a more realistic indication to the location of PDMS maxima within the 
composite, because the normalisation routine has the effect of removing the effect that 
topography has on the spectrum obtained. Here it can be seen that there is a maximum 
reached at the fourth square of the top line in the image in Plate 3, with other possible 
maxima at the first and ninth squares, although the relative signal may increase either 
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side of the analysis area of the squares selected. The fourth and ninth analysis squares 
are separated by a distance of approximately 176 µm and this should be compared with 
the average distance between plies of 121 µm. This value overestimates the predicted 
separation by a factor of 1.5, although the true maximum could lie slightly either side 
of the areas utilised in the analysis. Therefore, if the spectrum from the ninth square is 
indicating that the PDMS is rising to a maximum to the right of this point, then the 
small maximum in PDMS at the position of the seventh square indicates that a 
boundary could lie in the proximity. The maximum observed at the position of the 
fourth square lies a reasonable 107 µm from the previously mentioned maximum of the 
seventh square. The next boundary should be found approximately 120 µm to the left 
of this position, and the relative PDMS signal decreases from the first square of the 
analysis, which lies at a distance of 110 µm from the maximum observed in the fourth 
square. The assignments of these maxima and possible maxima are all rather 
inconclusive, yet the dimensions of the predicted boundaries are plausible. The relative 
PDMS signal can be used for a second line scan analysis of an area within the same 
image in order to verify the location of the inter-lamina boundary. 
The second line scan analysis, also shown in Plate 3, used smaller analysis areas to 
compile the PDMS profile across the composite surface. This has the advantage of 
potentially improving the lateral resolution of the line scan analysis, thus enabling the 
inter-lamina boundary to located more precisely. Unfortunately, this is accompanied 
with the requirement for a slightly higher ion dose, although once again the conditions 
used across the line were the same, so the damage should have the same relative effect 
on the ions in the spectra. 
The intensities of selected ions from the spectra acquired during the line scan analysis 
are shown in Figure 8.7. The thirteen points of each line plotted in the graph 
correspond to the thirteen squares of the image presented in Plate 3, and gives a 
general indication of how the intensities of the ions selected vary as the area of the 
composite in the image is traversed, although no consideration has been paid to sample 
topography. The assignments of the ions used in the line scan analysis are given in 
Table 8.1. 
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Figure 8.5. Line scan analysis of edge of composite. Peak assignments given in Table 8.1. 
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Figure 8.6. Normalised line scan analysis of edge of composite. PDMS: m/z = 73; Matrix: m/z = 77. 
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Figure 8.7. Line scan analysis of edge of composite. Peak assignments given in Table 8.1. 
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Figure 8.8. Normalised line scan analysis of edge of composite. PDMS: m/z = 73; Matrix: m/z = 77. 
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m/z Composition Origin 
12. C+ Matrix. 
23. Na' Contaminant. 
28. Si+ PDMS. 
31. CH30+ Matrix. 
43. CH3Si+ PDMS. 
73. (CH3)3Si+ PDMS. 
77. C6H5+ Matrix. 
147. C5Hl5OSi2+ PDMS. 
27. C2H3+ Matrix. 
Table 8.1. Assignments for selected ions present in spectra in the line scan analysis. 
Figure 8.8 shows how the intensity of the ion with an m/z = 73 varies relative to the 
ion with an m/z = 77, in order to take sample topography into consideration. Two 
maxima in the PDMS signal relative to the matrix can be observed clearly, that 
correspond to the third and the seventh squares of the second line scan. This equates to 
a distance of approximately 100 µm, a similar order of magnitude to the 121 µm 
predicted from the thickness of the cured composite. Comparing this result to that 
obtained from the previous line scan analysis of the same image enables a position of 
the inter-lamina boundary to be estimated, as illustrated in Figure 8.9. 
  Analysis area with PDMS maximum: Q Analysis area with no PDMS maximum. 
Figure 8.9. Schematic diagram showing the possible inter-lamina boundaries present in the image 
shown in Figure 8.7. 
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The diagram shows that it is very unlikely that the pre-preg sheets run from right-to- 
left because the distance between the dashed lines only corresponds to 65 µm, nearly 
half that expected from the average lamina thickness. The alternative scenario, with the 
lamina running from left-to-right, shown by the dotted line, indicates a lamina thickness 
of approximately 100 p. m. This value does fall slightly short of the 121 µm expected, 
although the actual inter-lamina boundary could lie either side of the analysis squares, 
which would lead to errors in the estimation of the pre-preg thickness. The average 
distance between alternate analysis squares for the top line scan is 69.7 ± 3.4 µm, and 
the equivalent distance for the smaller squares of the bottom line scan analysis is 53.6 ± 
4.7 µm. These irregularities in the position of each analysis square could account for 
the inter-lamina distance being under-estimated by the experiment, although diffusion 
could also accentuate the effect of reducing the distance between PDMS maxima. It 
can be concluded that the PDMS probably does not diffuse significantly throughout the 
composite throughout the curing process, otherwise the line scans of normalised 
counts would not show such sharp discrepancies in the ions characteristic of PDMS. It 
is also interesting to note that, where the image indicates that the lamina run from 
right-to-left across the image, the spectra in fact reveal the plies of the composite 
running from left-to-right slightly. This must be a topographical effect of the composite 
surface, and illustrates the danger in interpreting images by using means of absolute 
brightness without interrogating the spectra sufficiently. 
8.2.3 The Effect of Topography 
The topography of the sample surface poses the greatest problem in the search for 
variation of PDMS within the composite. This arises because the fibres have a greater 
resistance to wear of than the matrix, and the composite is thought to fracture within 
the interphase or the matrix. The fibres, running parallel to the surface, protrude from 
the composite surface, resulting in valleys occurring in between the pre-preg layers 
where the PDMS is likely to still be located. As a consequence the PDMS signal is 
probably masked by the rough surface of composite material above it, a situation 
illustrated in Figure 8.10 below. 
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Figure 8.10. Schematic diagram of the effect that sample topography is likely to have on the ease of 
attracting secondary ions to the extractor. 
The exact effect that roughness has on the quality of SIMS spectra is unknown, but the 
importance of sample topography is observed routinely in virtually every non-planar 
sample analysed by ToF-SIMS. In general it appears to be the angle of the sample 
surface in respect to the geometry of the extraction plate that plays the major role in 
determining the count rate from the sample. In this case the PDMS is expected to be 
located in troughs in the surface, leading to lower total ion signal from these areas, 
which makes the observation of disparities in relative PDMS signal difficult to detect. 
Another possible source of error is the ability for the PDMS to spread over the surface 
once it has been exposed to the atmosphere or UHV conditions. It is well known that 
PDMS has the effect of lowering the surface energy of most solids, and therefore has a 
tendency to wet or spread over any surface that it is in contact with. However, the 
specimen was introduced into the machine soon after the polished surface was 
removed, and analysis completed within a few hours, and so significant spreading over 
the matrix material, which has a relatively low surface energy itself (compared with e. g. 
a metal), is thought unlikely to be significant over this length of time. 
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8.2.4 Conclusions 
Evidence for the path a crack front takes during fracture can be found within the ToF- 
SIMS spectrum of composite fracture surfaces. The SIMS spectrum of a composite 
fractured in the atmosphere was shown in Figure 7.14, and reveals very small sodium 
(m/z = 23) and calcium (m/z = 40) peaks, which are so prominent in the spectra of 
carbon fibres. The positive SIMS spectra of electrochemically oxidised AKZO Tenax 
HTA carbon fibres were presented in Figures 4.9 and 4.10. Unfortunately, fibre 
samples of the High Strength Torayca T300 type were not available for analysis, but 
are likely to be very similar in surface composition and porosity to the HTA fibres 
analysed in Chapter 4, because they are subjected to similar manufacturing procedures. 
This is assuming that Torayca subject the fibres to a similar electrochemical treatment 
to AKZO. Although the electrolyte used is likely to be different, the source of the 
sodium and calcium is probably tap water, and therefore both types of fibre will uptake 
enough to be observed by the SIMS technique, which is very sensitive to ions with a 
low ionisation potential. In fact, Mahy et a114 observed a moderate amount of calcium 
present on the fibre surface despite using demineralised tap water in the electrolyte and 
washing baths, and although sodium was not detected by XPS, it is still possible that 
sodium could be present as the most prominent peak in a SIMS spectrum because it 
has such a low detection limit. However, the lack of intense sodium and calcium peaks 
in the composite fracture surfaces implies that the fibre surface is not present at the 
point of Mode I fracture, but does not discount the possibility that the fracture does 
not travel through the fibres, leaving a very small surface area comprising of external 
carbon fibre surface. If this were the case, then a contribution from a graphite material 
can be expected, which would lead to peaks at m/z = 77,91, and 115. Spectra from 
composite fracture surfaces in Figures 7.14,7.15, and 7.16, do not have significant 
peaks at these masses, bearing in mind that there matrix has some aromatic character, 
and minor contributions to these peaks from the matrix are possible. The presence of 
PDMS from the pre-preg laminae, and the absence of peaks that characterise the fibres 
demonstrate that the crack initiated from the DCB test does not deviate from the 
original interface between the pre-preg laminae. The results from the line scan analysis 
indicate that there is a possible variation of PDMS content as the laminae are 
traversed, suggesting that PDMS does not diffuse throughout the composite freely. 
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8.3 In-situ Fracture of Composite Materials 
The only way to completely avoid the possibility of contamination from the atmosphere 
is to fracture the composite in the UHV confines of the spectrometer. Although this is 
not thought to be a major problem with previously analysed fracture surfaces, PDMS is 
a contaminant that is often observed in SIMS spectra, and in order to rule out post- 
fracture contamination samples were prepared that could be fractured in vacuo. In-sitar 
fracture can be achieved by means of a fracture stage attached to a port on the 
preparation chamber. The presence of PDMS on the surface of a composite fractured 
and analysed under UHV conditions will indicate that the PDMS could be causing the 
failure of the composite by forming a weak boundary layer between the lamina of the 
composite. This requires careful sample preparation and consideration of the sample 
geometry, because of the dimensions of the fracture stage. 
8.3.1 Experimental 
A photograph of the fracture stage is displayed in Figure 8.11, and is schematically 
depicted in Figure 8.12. Up to eight samples may be loaded into the stage, shown in 
Figure 8.11 b, avoiding the need to break the vacuum in the preparation chamber for 
the introduction of each sample. The spring-loaded hammer may be observed on the 
top of the stage, to the left of liquid nitrogen reservoir, which may be used to cool 
samples prior to fracture. This facility was not employed, and so the matrix material 
was at a temperature greater than its glass transition temperature during fracture, as 
was the case during ex-situ fracture. 
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Figure 8.11a. Photograph of the fracture stage, on the preparation chamber of the ToF-SIMS 
instrument. 
Figure 8.11b. Photograph of fracture stage. showing hammer and sample in storage bay. 
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"jr Figure 8.12. Schematic diagram of an in-situ fracture stage 
A small section of composite, with dimensions of 3 mm x3 mm is first of prepared by 
cutting an undamaged part of the DCB sample with a fine-bladed saw. The DCB 
specimen is also approximately 3 mm in thickness, resulting in a cubic sample. 
However, the edges must be rounded slightly to allow the sample passage through the 
fracture stage, achieved by filing the corners carefully. The outer layer of composite is 
then removed from each side of the sample to provide a clean surface for bonding by 
inserting a scalpel blade under the edge of the composite. The composite is then 
adhesively bonded to two aluminium rods of a diameter of 3 mm, as indicated in Figure 
8.12, by using a commercial epoxy resin. The sample must be straight and 3 mm or less 
in diameter to prevent the sample either becoming stuck or prematurely breaking in the 
fracture stage. This was achieved by using a teflon mould with a depth of 30 mm that 
had 3 mm holes drilled through, because the total length of the sample could not 
exceed 30 mm to comply with the dimensions of the fracture stage. A small notch was 
cut into the middle region of the composite to initiate fracture within the composite, as 
opposed to fracture within the epoxy adhesive applied in between the aluminium 
support bars and the composite specimen. The notch was introduced by the use of a 
Jewellers saw, with a blade approximately 0.5 mm in thickness, which is equivalent to 
the thickness of four layers of pre-preg sheets. Therefore, it is uncertain whether the 
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sample will fracture at the central plies of the composite, pertinent because the pre- 
preg surfaces at the central plies of some of the samples were modified, as described in 
Section 7.7. This is in contrast to the DCB test which relies on the insertion of a 
release film at the mid-ply point to initiate fracture. The adhesive was left to cure 
overnight at room temperature and the sample then introduced into the spectrometer; 
the vacuum was allowed to recover to at least 10-9 mBar before fracture. The 
composite was fractured by manually striking the hammer with the sample in position, 
and the sample led into the sample holder by rotating the sample until it drops into the 
chute in the correct orientation. This method of fracture most easily compared to an 
Izod test, where a notch is introduced at the preferred point in the sample, and one end 
is secured whilst the other is subjected to impact. 
8.3.2 Interpretation of ToF-SIMS Spectra from in-situ 
Fracture of Composites 
The interpretation of spectra from complex systems such as epoxy resin based 
composite materials can often be confusing and more involved and time consuming 
than the preparation and analysis of the sample. This arises because of the number of 
possible structures that can be formed from tetrafunctional components in the system 
outlined previously in Chapter 7. The degree of cure will most probably vary not only 
from one composite to another, but also within regions of one particular composite. 
The reasoning behind this hypothesis lies in the make up of the composite itself Firstly, 
it is assumed that the fibres within the pre-preg have been subjected to a sizing process 
shortly after the electrochemical oxidation treatment. The degree of cure within this 
region is likely to have a gradient that increases with distance away from the fibre 
surface, and also it is unknown whether the sizing coverage is uniform. A non-uniform 
sizing coverage will result in a varying degree of cure of the matrix-sizing interface, or 
interphase, leading to a possible modification to the mode of fracture. Secondly the 
bulk matrix material will also experience similar effects on the degree of cure, arising 
from non-perfect mixing of the resin and curing agent, and their interaction with the 
surface of toughening agents within the matrix. Also, the rate of cure will have a 
profound effect on the diffusion of the molecules within the composite. The 
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tetrafunctional groups of the resin and curing agent are unlikely to be fully cured, 
although no previous work quantifying this phenomenon was found in the literature. 
As the curing reaction proceeds, uncured functional groups become physically bound 
because the original molecule is now in a semi-cured state. It can be expected that a 
large proportion of the matrix constituents are in this state in the so-called fully cured 
material. These factors all lead to a spectrum that is difficult to interpret, and the 
surface composition can be expected to vary from different points on the surface of the 
same composite bar as a result of variations of the degree of cured material. Therefore, 
the analysis area of X0.16 mm2 from a possible 9 mm2 must be considered, although the 
central area of 4 mm2 available to acquire a spectra from is more realistic because of 
the geometric effects of ion extraction. The analysis area employed for these samples 
was approximately 0.032 mm2, and spectra taken from the same sample did not appear 
to vary greatly. 
8.3.3 Cured and Partially-Cured Structures of CFRP 
The reactive molecules within the composite are presented again here for clarity. 
0 0 
.0% CH2CH-CH2 CH2- CHC HI\ Z 
, 
0% NO CH2 \ . 
0. 
CH2-CHCHý CH2CH-CH2 
Tetraglycidyldiaminodiphenylmethane (TGDDM) 
H2N 
O 
SO2 
O 
NH2 
Diaminodiphenylsulphone (DDS) 
Figure 8.13. Schematic diagram of the resin and curing agent present in Fiberdux 924 
The curing reaction combines the molecules via the following reaction. 
H 
/O\ 1 R-NH2 + CH; CH-CH2-RI R-N-CHZ ýH-CH2-RI 
OH 
Figure 8.14. Reaction between a primary amine and an epoxy functional group 
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The secondary amine is also capable of reacting with an epoxy group in the same 
manner. it is assumed that the secondary amine is more likely to react with an epoxy 
group of a different resin molecule, because of steric hindrance effects. 
/o\ 
CH2 CH-CH2-R2 
+ 
H 
R-N- CH2 H-CH2-RI 
OH 
HO- 
I 
CH R2 
CH, 
R-N- CH2 ýH-CH2 l 
OH 
Figure 8.15. Reaction between a secondary amine and an epoxy functional group, where R, = R2 
In all the structures shown above, the R-group has an aromatic ring attached 
immediately to the individual atom appearing in the molecules illustrated. This is 
important when considering the spectra that are likely to be observed from the surface 
of such a part-cured composite, because the aromatic rings present a point where the 
ionic charge can be stabilised. The relatively strong aromatic bonding is also less likely 
to be disrupted during the sputtering process than spa hybridised orbitals of aliphatic 
carbon atoms, providing an aid to interpretation of the spectrum, because the aromatic 
ring with a structure of C6Ha+ possesses a relatively high m/z ratio of 76. This is by no 
means a hard and fast rule that allows characterisation of molecules containing 
aromatic molecules, but serves as a guide to understanding the overall characteristics 
of the spectrum. Structurally similar are the R, - and R2- groups, that are covalently 
bound to nitrogen atoms of the resin molecule and attached directly to an aromatic 
ring, illustrated in Figure 8.13. It is uncertain how this structure is likely to behave 
during the complex sputtering regime, but the nitrogen atom also provides a point of 
stability for the ionic charge and such an ion is usually conspicuous in the spectrum 
by 
its appearance at even m/z values108 (Section 3.2.11.3). 
In addition to this supposition, there are a number of ions that can give an indication to 
the material present at the point of fracture of the composite. It is known that there 
is a 
significant amount of PDMS present at the inter-lamina boundary 
from the results 
observed in the previous chapter and from those earlier in this one. 
The ions that 
282 
Chapter 8: Investigation of the Interphase Chemistry of Cured Composites 
originate from the PDMS structure have been well characterised and the SIMS 
technique has proven to be very sensitive to the presence of the release agent. This is 
also the case for the inorganic ions present on the surface of carbon fibres, such as Na-, 
K, and Ca+. Unfortunately, these species tend to be very mobile, because they are all 
easily hydrated and therefore labile with respect to acid-base exchange, so their 
appearance in the spectrum cannot be construed as conclusive evidence of carbon fibre 
being present at the fracture surface. However, the organic ions that were consistently 
observed from the fibre surface will provide a useful clue in revealing the presence of 
carbon fibre, and the appearance of both types of ion will provide a useful indication to 
the nature of the failed composite. 
The line of argument outlined above serves as a starting point for the goal of 
elucidating the locus of failure by interpretation of the mass spectrum, and is the same 
as that used in the previous chapter when examining the fracture surfaces of DCB 
specimens. 
8.3.4 Results 
The positive ToF-SIMS spectrum of a composite fractured in-situ is shown in Figure 
8.16. This composite was fabricated using the red-white pairing at the central ply, as 
described in Section 7.7, with no addition or removal of the release agent from the 
surface of the pre-preg. This is the same composite analysed in Chapter 7, and can 
therefore be compared directly to the spectra shown in Figure 7.14. The most striking 
feature of the spectrum from the sample fractured in-vacuo is the absence of PDMS, 
characterised by ions at m/z = 28,43,73, and 147, that dominated the fracture surface 
produced in the DCB test. For this reason, it seems sensible to compare the spectrum 
from Figure 8.16 with the one obtained from the sample from which PDMS had been 
removed from the pre-preg by swabbing with hexane, in Figure 7.16. Any hexane that 
remained trapped between the laminae is unlikely to react chemically with the matrix 
constituents, and any remaining on the surface would be removed under the UHV 
conditions. Therefore, it is very unlikely that the hexane treatment would have any 
283 
Chapter 8: Investigation of the Interphase Chemistry of Cured Composites 
effect on the spectrum observed, and the most probable situation is that the hexane 
evaporates prior to composite fabrication. 
A notable feature of both spectra is the absence sodium and calcium peaks, indicating 
that the fracture has not propagated at the fibre surface. The organic ions that were 
most important in the spectra of carbon fibres were observed in Figure 4.10 to be at 
m/z = 77,91,105,115, and 128. Although the ions at m/z = 105 and 115 do yield 
moderately intense peaks, the other ions referred to appear as very minor peaks in the 
composite fractured in-situ, and are not present in the spectrum in the correct 
proportions to indicate the presence of significant quantities of exposed carbon fibre at 
the surface of the in-situ fractured composite. Therefore, it can be concluded that the 
crack front does not propagate at the fibre surface, or that exposed fibre does not 
constitute a significant proportion of the fracture surface. Another important region in 
both spectra from the composite samples occurs between m/z ratios of 55 and 60. In 
the DCB sample, the prominent peaks are found at m/z = 57 and 59, and possibly arise 
from cured matrix material. In the in-situ specimen, there is an intense peak found at 
m/z = 58, that is probably attributable to a nitrogen containing ion that may also have 
come from the matrix. It is unclear whether this observation can be assigned to the 
degree of cure of the matrix at the fracture surfaces, but if the spectrum of the pre-preg 
matrix material from Figure 7.12 is scrutinised again, we recall that there was a 
relatively intense peak present at the same position in the spectrum at m/z = 58, and 
possible ion structures were illustrated in Figure 7.13. In fact, the two spectra of 
Figures 7.12 and 8.16, that show the uncured matrix material and the in-situ fracture 
surface, respectively, are very similar at low mass, with the only significant contrast 
appearing at the m/z values of 59 and 70. The peak at 59 is virtually non-existent 
in the 
cured material, and the temptation is to assign this as an ion indicative of the 
degree of 
cure. 
Considering the curing mechanism outlined in Figures 8.14 and 8.15, it is not easy to 
assign an ion with this mass that is present in the cured structure expected, and 
in 
conflict with this assumption, the opened epoxy ring is more likely to yield the 
ion of 
higher mass. This hypothesis is illustrated with the possible ion assignments shown 
in 
Figure 8.17. 
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Figure 8.16. Positive ToF-SIMS spectrum of in-situ fracture DCB specimen. 
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CH2 CH CH2 
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CH2 C CH3 
m/z=57 m/z=59 
Figure 8.17. Possible ion structures for cured and uncured pre-preg. 
One possible explanation for this observation is that the pre-preg is supplied in a 
partially cured state, and this partial curing may have an effect on a proportion of the 
epoxy rings, which then react further during the final curing stages. It should be noted 
that the structure proposed for the m/z = 59 ion is unstable under ambient conditions 
and will only form under the disruptive influence of the ion beam and by 
re-arrangement as it desorbs into the vacuum. 
The positive ToF-SIMS spectra of the uncured pre-preg, the DCB fracture surface, 
and the in-situ fracture surface indicate that the rapid fracture instigated by the in-situ 
impact test results in the exposure of a surface more closely related to that of the 
uncured matrix material present in pre-preg than that of the PDMS rich regions 
observed after the sample has been subject to the low strain rate (DCB) test. 
At higher masses, there are important ions present in the spectrum of the in-situ 
fracture specimen. Ions at m/z = 135 and 191 are characteristic of DGEBA, observed 
in the adsorption study in Chapter 5. The presence of DGEBA in the composite can 
only come from the sizing material, because the resin that is present in the matrix is 
TGDDM, which will not yield these ions. DGEBA is the most commonly used sizing 
material, and the discovery of these ions leads to the important conclusion that the 
composite has failed in a region that is rich in size. If the lack of evidence for the 
presence of carbon fibres is also taken into account, it appears that the fracture 
propagates through a region that contains the sizing, yet is some distance from the 
fibre surface. This may occur because the sizing process has left varying depths of size 
across the fibre surface, resulting in regions on the fibre surface that are rich in size, 
and are poorly cured because of a lack of stoichiometric amounts of curing agent in 
this vicinity. 
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Figure 8.18. Negative ToF-SIMS spectrum of in-situ fracture surface of DCB specimen. 
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The negative ToF-SIMS spectrum of the same specimen is displayed in Figure 8.18, 
and reveals that the vast majority of ions produced are very simple low mass 
fragments. These include C-, CH-, O-, OH-, CH-, and 02 / S-. Also present in the 
spectrum in low intensity of characteristic high mass ions from the sizing and matrix 
material. The higher mass peaks are assigned in Figure 8.19. 
I 
CH3 
- 
-0-(7>- C -. 
m/z=211 
_ 
CH2 
CH3 
m/z = 13 3 
_ 
CH3 
1 /°l\ Oi O- CH2 CH CH2 
CH3 
m/z=283 
Figure 8.19. Proposed structures of high mass fragments observed in the negative SIMS spectrum 
presented in Figure 8.18. 
The structure proposed for the ion with an m/z = 283 indicates that there is at least 
some partially uncured size material present within the composite, and although this is 
not an intense peak in the spectrum, uncured DGEBA could also result in the 
formation of the lower mass fragments also shown in Figure 8.19. The presence of the 
ions at m/z = 32 from 02 / S-, and m/z = 64 attributed to S02 , reveals that there 
is 
material from the curing agent also present at the fracture surface, and this is expected 
to diffuse into the size rich region as the curing reaction proceeds. However, the strong 
evidence for uncured sizing material in both the positive and negative spectra from this 
composite points to the conclusion that the curing agent cannot penetrate the size and 
react with it effectively, and this may result in the presence of a weak boundary layer of 
uncured material between the matrix and the reinforcing fibre. 
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It is uncertain whether the presence of uncured size is a result of a non-uniform 
covering of size on the fibres, or whether there is too much size applied along the tow 
for the curing agent of the matrix to react with effectively. The positive ToF-SIMS 
spectrum of another composite bar fractured in-situ is shown in Figure 8.23. The 
sample was prepared using the same composite material, with no surface treatment of 
the pre-preg prior to curing. In this spectrum, there is evidence of PDMS on the 
sample surface, with ions present with m/z values of 28,43, and 73. The overall 
appearance of the spectrum is similar to the spectrum of the composite fracture surface 
that received the hexane cleaning procedure prior to fabrication, presented in Figure 
7.16. The most notable difference between the spectra is that the sample fractured 
under UHV conditions appears to have significantly less PDMS character, particularly 
where the ions at high mass are concerned. This is an interesting observation because it 
is known that there is less PDMS present within the composite that had been wiped 
with hexane prior to fabrication. Also, it is known that the DCB sample fractured along 
the crack initiated prior to the DCB test, and therefore the SIMS spectrum should 
relate this fact. Certainly the SIMS spectra from the samples tested in a controlled 
manner, Figures 7.14,7.15, and 7.16 are consistent with the amount of PDMS present 
at the pre-preg interface (see Section 7.7.2). Therefore, this indicates that whilst there 
is a small amount of PDMS present at the surface of the sample fractured in-situ, the 
locus of failure is slightly different to that from controlled failure, and in a region away 
from the lamina interface. This can be concluded because the ToF-SIMS spectrum of 
the in-situ fracture surface shows less PDMS character in the than the surface of the 
DCB sample of Figure 7.16, even though the composite analysed in Figure 8.20 
possessed a greater amount of PDMS at the interface between the central lamina 
because it was not swabbed with hexane. 
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Figure 8.23. Positive ToF-SIMS spectrum of in-situ fracture surface of DCB specimen. 
Chapter 8: Investigation of the Interphase Chemistry of Cured Composites 
8.3.5 Conclusions 
The results from these in-situ fracture specimens show that it is possible to gain 
valuable information from the SIMS spectra of surfaces that are known to have been 
exposed to the minimum amount of atmospheric contamination possible. The spectra 
obtained from the DCB and in-situ fracture experiments have shown that there is 
significant chemical heterogeneity in a composite that has endured different methods of 
fracture. Composites fractured in the classic Mode I loading of the DCB fracture test 
consistently fail at the inter-lamina boundary, whereas composites that are subject to an 
Izod impact bend test, have been shown to fail with different loci of failure. This in 
itself is not a surprising result, although the spectra obtained from two in-situ Izod 
tests indicate two very different loci of failure, which can be distinguished by ToF- 
SIMS analysis. The first specimen presented appeared to fail within the tow, and 
exhibited spectra that were characteristic of uncured size material and also peaks that 
were similar to those of the uncured pre-preg material (Figure 7.12) after the tow had 
been separated. The second specimen fractured produced spectra that were more 
typical of the inter-lamina surfaces, although it did not yield the intensity of PDMS that 
would be expected if the PDMS were acting as a weak point within the composite, 
indicating that the propagation of the crack did not proceed immediately to the 
location of the release agent. This conclusion is supported by the DCB mechanical 
tests that pointed to the presence of PDMS acting as a toughening agent at the inter- 
lamina boundary (Section 7.8). This method of analysis therefore plays a useful role in 
elucidating the species present at a failed composite fracture surface. The complexity 
of the chemistry involved in thermosetting resin systems such as the one employed for 
this study results in spectra that are complicated and difficult to interpret. However, 
the sensitivity and chemical specificity of the SIMS technique is unparalleled by other 
surface analysis methods, and it would not prove possible to identify the presence of 
certain constituents such as the DGEBA size or the unexpected absence of PDMS on 
the surface of failed composites by a more conventional technique such as XPS. 
The aim of this study on the failure of CFRP materials was to characterise the 
composition of the surface obtained when the composite in question was fractured, and 
if possible to gain an insight into inherent weaknesses of the material. The reasons 
for 
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the discrepancy in the surface composition of the surfaces obtained by the DCB testing 
and in-situ fracture are not totally clear, although the different modes of failure must 
be considered. The DCB test measures the fracture toughness of the composite under 
controlled failure after a crack initiation film had been inserted at the interface of the 
central lamina interface, and the SIMS spectra obtained from the propagated crack 
indicated that the crack did not deviate significantly from that interface. The specimen 
fractured in-situ was subjected to a very different mode of fracture, with fracture 
initiated by cutting a notch into the cured composite, and then subjecting the specimen 
to a type of failure similar to a three-point bend test. In this instance the notch 
introduced into the composite straddled many plies because of the thickness of the saw 
blade. This means that the crack that propagates through the composite is initiated at 
an unknown location across the plies, and the crack is likely to propagate either 
through the most brittle route or via slippage across a weak boundary layer. Evidence 
for the latter was obtained by the appearance of peaks in the spectrum from sizing 
material that had not been fully cured. It is also interesting to note that in the spectra 
from the second specimen fractured in-situ the presence of PDMS was observed, but 
that this was of a greatly reduced intensity compared to the PDMS peaks in DCB 
fracture specimens. This indicates that the fracture propagated in the vicinity of the 
lamina interface for the Izod specimen, but not actually at the interface observed for 
the samples fractured by the DCB method. This supports the findings of the 
mechanical data that reported a toughening of the composite in the region of the 
interface due to the presence of PDMS. This suggests that the PDMS interacts 
favourably with the matrix, possibly by polymerising and interspersing with the matrix 
material, and forming an interpenetrating network. The composite that was 
found to 
have the greatest fracture toughness had extra PDMS applied to the interface, and the 
spectra obtained from these samples indicated that the PDMS at the 
fracture surface 
had a depth greater than the SIMS analysis depth. The fracture therefore propagated 
through a region that was matrix-free, and the material has a fracture toughness greater 
than that of the matrix itself because of the application of PDMS. 
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Chapter 9 
Conclusions and Future Work 
9.1 Conclusions 
The work described in this thesis has studied the surface and interface chemistry 
associated with carbon fibre reinforced polymers (CFRP). The surface characteristics 
of the as manufactured fibres have been compared with the properties following 
electrochemical treatment. The interaction of these fibres with medium and large 
organic molecules has been studied. In the manufacture of CFRP fibres are generally 
provided coated with a partially cured matrix material, either in the form of sized fibres 
or pre-impregnated laminae. The surface properties of these materials have been 
studied as a precursor to the direct examination of the interface chemistry of CFRP. 
The latter has been achieved by the development of novel specimen preparation 
techniques. The major analytical technique used in this investigation has been ToF- 
SIMS and this has provided a unique opportunity to assess the utility of this analytical 
method for the interface analysis of CFRP. 
9.1.1 Fibre Characterisation 
In agreement with previous studies which have been conducted by Alexander41 , 
it 
was found that at least 30% of the oxygen content of Type II carbon fibre surfaces can 
be attributed to the presence of adsorbed moisture. However, the procedure of 
heating 
to 120°C in an air oven was not capable of removing chemically bound water 
from the 
fibre surface. 
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The oxygen content of the fibre surface appears to reach a plateau at intermediate and 
optimum electrochemical treatment, prior to increasing further following over- 
treatment. This is possibly linked to an increase in porosity and degradation of the 
physical properties of fibres observed by other workers. The nitrogen content reached 
a minimum at intermediate treatment and was seen to rise steadily with further 
treatment. This observation appears to be in agreement with the findings of Alexander 
and Jones121 where it was thought that the nitrogen species of the untreated fibres 
were in a different chemical environment to oxidised fibres, and contributed to adhesion 
with the resin, in contrast to the nitrogen species of the oxidised fibres. 
Untreated carbon fibres have a high dispersive component to the surface free energy, 
ysd, which is of a similar value to that of graphite, as determined by IGC127. This finding 
is supported by ToF-SIMS spectra which display ion fragments that are predominantly 
graphitic in character. 
Untreated fibres appear to have very little or zero basicity, which increases steadily 
with electrochemical treatment. Surface acidity is very low for untreated fibres, and as 
expected, increases rapidly with treatment, reaching a maximum at intermediate 
treatment. At higher levels, acidity appears to stabilise at a value slightly below the 
maximum acidity. Therefore, it seems that there are at least two different oxidation 
mechanisms occurring during electrochemical treatment. Initially, oxygen content is 
increased relatively quickly and is accompanied by an increase in acidity. During this 
period, the nitrogen content of the surface decreases slightly. At a treatment level of 
between 50 and 100 W min g-1 the acidity reaches a maximum, a net increase of 
oxygen is no longer observed, and the nitrogen content appears to go through a 
minimum. However, with further treatment, the oxygen content of the surface 
increases again in what appears to be an independent step. The acidity does not 
increase with this second oxidising step, although basicity rises again. It 
is also noted 
that the acid-base contribution to the enthalpy of adsorption is greatest 
for acidic, 
basic, and amphoteric species at a treatment level of 25 W min g'. 
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The average surface free energy increases steadily with electrochemical treatment, as 
determined by DCAA. This is mostly attributed to a large increase in the polar 
contribution to the surface free energy at relatively low oxidation levels, accompanied 
with a slight decrease in the dispersive contribution to the surface free energy of 
carbon fibres. 
9.1.2 Adsorption of organic molecules on carbon fibre 
substrates 
Uptake of DGEBA, 3,3'-dimethyl-4,4'-diaminodicyclohexylmethane, and PMMA on 
untreated and oxidised carbon fibre surfaces was found to be well described by the 
Langmuir model for adsorption. In the case of DGEBA, oxidation of the fibre to 
intermediate levels led to a significant increase in the coverage of the resin on the 
surface. A further significant increase in adsorption of DGEBA at the optimum level 
(100%) of fibre oxidation was not observed. The primary amine molecule did not 
display an increase in adsorption that could be attributed to the oxidation treatment of 
the carbon fibres. These two observations, and along with the observed increase in 
acidity of the fibre surface by IGC, lead to the conclusion that DGEBA adsorbs 
primarily on acidic sites containing oxygen moieties introduced by the electrochemical 
treatment. The concentration of these sites is significantly increased in the early stages 
of electrochemical oxidation. Although it is not possible to quantify the number of 
these sites by IGC, it appears that untreated carbon fibres possess relatively few of 
these sites, which are tentatively ascribed to carboxylic acid functionalities. In the light 
of the relatively rapid increase in polarity of the surface during oxidation, and the 
apparent intermediate plateau of oxygen content in the fibre surface at low treatment 
levels, it is possible that the mechanism occurring here is the conversion of phenolic 
groups to carboxylic acid functionalities, and that only the latter are capable of 
interacting strongly with epoxy resin molecules. Amine adsorption 
does not increase 
significantly with the electrochemical oxidation and this could 
be explained by the 
possible interaction of phenolic and carboxylic acid sites 
by the amine molecule. 
Unfortunately, however, it is not possible to directly compare the relative quantity of 
amine and DGEBA adsorption on the fibre surface because of the complexity of 
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fragmentation patterns and differences in ionisation potentials of organic systems of 
this type. In this hypothesis, only at higher treatment levels is the oxidation of purely 
graphitic matter observed, which is possibly linked to the pitting and break up of the 
surface of the fibre observed by Zhdan et al136 
The PMMA molecules used in this study were both of medium RMIM, and no 
significant difference in affinity for the fibre surface was observed between them. In 
addition, and in the case of the amine molecule, it appears that oxidation of the fibre 
surface had little effect on the amount of material adsorbed. However, the situation for 
large molecules is likely to be different to that with amines. The macromolecule did not 
dissolve easily in the toluene solution and required gentle heating with agitation. This 
observation, along with the hypothesis that the density of sites containing heteroatoms 
is relatively large compared to the size of both of the polymer molecules on the surface 
of both the untreated and treated fibre allows the conclusion that PMMA is physically 
adsorbed on the fibre surface. Large molecules such as these also possess high 
saturated vapour pressures and will probably not desorb under the UHV conditions of 
the ToF-SIMS spectrometer. The observation of Langmuir adsorption of PMMA on 
the fibre surface suggests that multilayer adsorption does not occur. 
9.1.3 Quantification by ToF-SIMS 
ToF-SIMS has demonstrated chemical specificity and low detection limits required for 
adsorption studies such as the ones performed throughout this thesis. This has allowed 
the mode of adsorption to be related to classical models proposed by Langmuir and 
Tempkin, with the former, more simple model providing a better description to the 
data attained, in agreement with the adsorption of silver ions on carbon fibre substrates 
observed by Baillie et a139. 
ToF-SIMS has been found to provide reliable quantitative data in accord with other 
researchers' 1,128-130. General consensus has led to two different trains of thought where 
this is attempted. Firstly, the signal from an ion that arises from one component of the 
system (i. e. the area disrupted by the analysis beam) may be divided 
by the total ion 
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signal of the spectrum. Secondly, two ions are selected that characterise two separate 
components of the system, and the ratio of one component to the sum of the two 
components is calculated: a routine that was applied in Chapter 5. Both of these 
approaches are deemed acceptable, and should be used with the following precautions. 
Monoatomic ions with very low ionisation potentials such as sodium and potassium 
should be disregarded in such a routine, particularly where the second approach is 
concerned. This is because the lability of such species appears to be of a different 
nature to fragment ions formed from an organic or inorganic lattice by the sputtering 
technique. This results in such ions possessing a larger sampling depth to other ions of 
the spectrum. Also, ions of similar intensity should be used where possible for the 
routine that was chosen in chapter 5, because discrepancies in signal intensity between 
the two selected ions are easier to identify. This is because the calculated RPI does not 
vary greatly if one ion is far more intense than the other. 
A new quantification routine that allows for the difference in ionisation potential 
between ions that are formed from the same component of the system is developed. 
This has not been successfully addressed previously, and although the effect of 
ionisation potential appears to have been removed, unfortunately, plausible values for 
the ratio of rate constants for adsorption and desorption could not be attained. 
9.1.4 ToF-SIMS analysis of CFRP 
ToF-SIMS analysis of sized AKZO Tenax HTA fibres revealed that the size used 
contained DGEBA epoxy resin. It was uncertain whether this existed in an uncured or 
partially cured state, because of the absence of fragment ions with a mass close to that 
of the molecular ion. This possibly indicates a cured or partially cured system. 
It is 
thought that the resin present was of a low mass fraction of the DGEBA molecule 
(Figure 5.2) because the ions observed in the positive ToF-SIMS spectrum are the 
same as those observed for Epikote 828 in the adsorption study of 
Chapter 5. The 
surface of the sized fibres contained traces of PDMS and halide contamination. 
The 
former was thought to arise from contact with commercial polythene wrapping, and 
the latter originated from an unknown source. 
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PDMS, applied as a release film to the protective wrapping of commercial pre-prep, 
was found to be present on the surface of the pre-preg after removal of the wrapping. 
The residual release agent was found to be incorporated into the cured matrix of the 
composite. The presence of PDMS was, somewhat unexpectedly, found to increase the 
fracture toughness of the composite. 
In-situ fracture surfaces were prepared and analysed in the ToF-SIMS spectrometer, 
and no longer gave rise to spectra that were dominated by ions characteristic of 
PDMS, but to ions that were characteristic of uncured DGEBA. This indicated that the 
fibres were sized with DGEBA, and that this led to an unbalanced curing 
stoichiometry, resulting in a weak boundary layer between the fibre and matrix 
material. The locus of failure was different to that of other specimens prepared under 
ambient conditions, where the crack propagated between the central plies of the 
composite because of a crack initiation film inserted at this point at one end of the 
composite. Analysis of the composite edge indicated that the release agent did not 
diffuse from one layer of fibres to another, but remained trapped at the interlaminar 
boundary. 
9.2 Future Work 
It has been shown that the adsorption of resin and curing agent molecules may be 
followed by ToF-SIMS analysis of fibres exposed to such molecules in a controlled 
manner. However, it was found that the relative coverage of the two molecules 
separately exposed could not be compared in a quantitative manner. The relative 
affinity of the resin and curing agent for the fibre surface could be followed 
by 
exposing the fibre to a solution containing a mixture of both molecules. A competitive 
adsorption study such as this should be approached by gradually 
increasing the 
concentration of one of the components, and should provide an insight 
into which 
molecule is preferentially adsorbed at the fibre surface. Resin-curing agent 
interactions 
should be negligible in an inert solvent such as toluene at ambient conditions. 
It would 
be interesting to conduct such experiments on untreated and treated fibres, 
in order to 
evaluate whether the relative affinity for resin molecule and curing agent 
is reversed 
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after oxidation to the carbon fibres. This was not possible with the experiments 
undertaken in Chapter 5, although it was observed that the resin molecules show 
increased affinity for oxidised fibres, whereas the curing agent does not. 
PDMS has been found to be incorporated into CFRP composites fabricated from pre- 
preg and apparently does not diffuse substantially into the matrix from the inter-lamina 
boundary. Contrary to intuition, the application of a low viscosity PDMS appears to 
increase the fracture toughness of the composite when a pre-formed crack is inserted 
at the lamina boundary under Mode I fracture conditions. Therefore, the application of 
materials that could further increase the fracture toughness of the material could be 
pursued. The incorporation of thermoplastic polymer has been attempted by other 
workers with varying degrees of success '41"42 Section 8.2 describes how ToF-SIMS 
was used to identify the extent of diffusion of PDMS into the matrix material from the 
inter-laminar boundary. This approach should be even more successful and easy to 
apply for other polymeric materials, as the fragmentation pattern from the residual 
PDMS of the protective films will not interfere with that of the selected modifier. The 
effect of removal of this PDMS prior to an application of a thermoplastic polymer to 
the interlaminar interface should be investigated. 
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Appendix 1 
Mechanical Testing 
Laminated structures such as CFRP fabricated from pre-preg often fail interfacially as 
a result of delamination. Therefore, a method of characterising the materials strength 
is used in order to gauge the performance of the composite. This is achieved opening 
the composite along a pre-determined crack route and measuring the load required to 
achieve a certain displacement. This type of opening mechanism is designated Mode I 
loading, and is usually analysed using the double cantilever beam (DCB) test. This 
test is performed using specimens prepared in accordance with the European 
Structural Integrity Society (ESIS)137 protocol for interlaminar fracture testing, 
illustrated in Figure Al. Load-displacement data from this test may be used to 
calculate the resistance to the initiation of a delamination from an insert and its 
subsequent propagation (see Section 7.8). 
End blocks 
2h 
Figure Al. Schematic of DCB specimen geometry. 
The specimens fabricated for DCB mechanical testing were 250 mm 
in length, 25 mm 
in width, and 3 mm in thickness (24 ply). The insert used was 50 µm 
in thickness and 
50 mm in length from the centre of the holes in the end 
blocks. Mechanical testing 
requires the measurement of the load-displacement values up to a crack 
length of 
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50 mm, whereupon separation of the composite end blocks is halted and the specimen 
unloaded. 
The resistance to delamination is measured by evaluation of the simple beam theory 
expression stated in Equation (Al), where: 
GI, = 3P8 / 2Ba (A1) 
P=Load/N 
b= displacement /mm 
B= specimen width /mm 
a= crack length /mm 
G1 = resistance to delamination /J mm-' 
Initiation G1 values are calculated by measuring the average values obtained for the 
initial 5 mm of the load required to propagate the crack existing as a result of the 
presence of the insert. Propagation values are taken from load-displacement values at 
a crack length from between 30 and 50 min from the crack insert. 
This method of mechanical testing conveniently leaves some of the composite at the 
far end in tact. This is exploited in surface analysis techniques, where the crack along 
the central ply is propagated manually prior to analysis. This has the advantage of 
providing a surface that is consistent with that created during mechanical testing, but 
which has not been exposed to environmental contaminants during the interval 
between mechanical testing and surface analysis. 
Crack propagation may occur as a result of three type of stresses, illustrated in Figure 
A2. 
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i 
J 
Mode I Mode II Mode III 
Figure A2. Crack modes. Mode I: opening mode; mode II: shearing mode; mode III: tearing mode"' 
Fracture surfaces prepared under ambient conditions from DCB samples are created 
via a mode I mechanism. In-situ specimens, on the other hand, are subject to a mixture 
of mode I and mode II. This difference in crack mode will have a bearing on the 
direction of crack propagation, and the possibility of crack deviation from the 
interlaminar boundary is greater during the mixed mode failure that occurs during 
in-situ fracture. This type of failure mode is similar to an Izod cantilever bend test, 
illustrated in Figure A3. 
Figure A3. Schematic diagram of the Izod three point bend test. 
Another difference between crack propagation in DCB testing and the in-situ fracture 
is that latter is caused by sudden impact, whereas DCB tests utilise a controlled strain 
rate. 
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